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ABSTRACT 
 
 It is predicted that ubiquitous marine microbial communities adapt to shifts in their 
immediate environment that are reflected in changing community abundance, structure, 
production, interactions and functions. This study describes spatiotemporal microbial 
dynamics in two unique marine settings with naturally occurring variations in surface 
water inorganic nutrient concentration, including an estuarine and an open ocean system. 
Mesocosm experiments were conducted using combinations of inorganic nutrients 
expected to influence microbial communities in order to support in situ interpretations. A 
statistical examination of flow cytometric derived microbial groupings, based on 
physiological rather than taxonomic characteristics revealed important relationships 
between inorganic nutrients and marine microbial communities. Correlations specifically 
indicated the importance of temperature, salinity and inorganic nutrients to changes in 
microbial physiological community structure. Heterotrophic microbes in the Trinity 
River Basin of Galveston Bay appear to undergo episodic nitrogen limitation that occurs 
when high temperature stimulates increased cellular metabolic activity and carbon is 
saturated beyond heterotrophic requirements. A step-wise spatiotemporal co-limitation 
of autotrophic and heterotrophic fractions of microbial plankton in Galveston Bay exists 
such that temperature ultimately limits abundance, followed by inorganic phosphorous at 
a station where nutrient pulses stimulated by freshwater inflows are infrequent. If 
inorganic phosphorous is available, as occurs in the Trinity River Basin then dissolved 
inorganic nitrogen becomes the limiting factor. Finally, nutrient limitation processes 
influence microbial plankton abundance and physiological community structure 
similarly in the northern Gulf of Mexico, where nutrients are made available by 
mesoscale circulation and coastal entrainments. Continued exploration into the complex 
environmental connections to marine microbial ecology is required to better understand 
and predict microbial impacts on biogeochemical cycles. 
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NOMENCLATURE 
 
NGOM Northern Gulf of Mexico 
HNAB High nucleic acid containing bacteria 
MNAB Mid nucleic acid containing bacteria 
LNAB Low nucleic acid containing bacteria 
DOC Dissolved Organic Carbon 
TOC Total Organic Carbon 
TN Total Nitrogen 
DIN Dissolved Inorganic Nitrogen 
TP Total Phosphorous 
Pi Inorganic Phosphorous 
TSS Total suspended solids 
FWI Freshwater inflow 
GP Gross primary productivity 
AICc Akaikes Information Criterion Corrected 
BIC Bayesian Information Criterion 
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CHAPTER I  
INTRODUCTION AND LITERATURE REVIEW 
 
1.1 Introduction 
Microbial populations are ubiquitous and abundant in the sea with approximately 
a billion cells in every liter of water (1,2). These organisms are characterized across all 
three domains of life and their immense diversity is reflected in their significant 
contribution to many different cycles in the ocean (1). Historically marine 
microorganisms have been difficult to study; however, the advent of molecular and bio-
optical technologies has allowed major forward progress into the overall understanding 
of these groups. One important finding is the substantial contribution of the smallest size 
fraction of plankton to many marine processes (3). For example, the fixation of CO2 by 
autotrophic picoplankton like cyanobacteria (e.g. Synechococcus sp. and 
Prochlorococcus sp.) contributes >50% of available carbon to open ocean systems (4). It 
has been proposed that under projected increases in sea surface temperature, smaller 
organisms may increase in abundance, and therefore their importance in biogeochemical 
cycling and food webs (3).  
Potentially the most important contribution of microbial plankton to marine 
systems is their role in carbon fixation and cycling. Field et al. (5) estimated that 
approximately half of Earth’s total primary productivity could be attributed to 
autotrophic marine plankton. The conversion of inorganic carbon to biologically 
available organic carbon by autotrophic plankton directly or indirectly fuels abundant 
heterotrophic organisms within the sea (1). Recent attention has also been paid to the 
potential for microbial impacts on carbon sequestration (6). The planktonic microbial 
system can cycle carbon in the upper water column on time scales of days to months but 
also contributes to long-term (millennia) storage of carbon in the deep-ocean or marine 
sediments through the microbial carbon pump (6). Therefore, understanding the 
microbial component within oceanic mitigation of currently increasing atmospheric 
carbon concentrations remains a salient directive. 
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 Microbial carbon cycling is extremely important in marine ecosystems, and thus 
it is important to determine and understand controls of carbon associated microbial 
processes. Both autotrophic and heterotrophic marine microbial plankton processes can 
be limited by the availability of inorganic nutrients, influencing microbial impacts on the 
carbon cycle (7–9). Liebig defined limitations to crop growth as the nutrient that is the 
least available for growth (10). Similarly, Blackman (11) examined limitations in 
photosynthesis within leaves. Since these pivotal publications, Liebig’s Law of the 
minimum has been applied to microbial populations e.g. (12). Autotrophic 
phytoplankton carbon assimilation is limited by availability of inorganic nutrients 
leading to changes in production, growth, and increased cellular activity (9). It has also 
been shown that heterotrophic bacteria require inorganic nutrients in order to take up 
dissolved organic carbon, which is essential to their growth, activity and function (7). 
Since heterotrophic organisms cannot generate their own organic carbon source, it is 
believed that they will only be limited by inorganic nutrients in the presence of abundant 
organic carbon (13–15). Competition for inorganic nutrients has been shown to exist 
between heterotrophic and autotrophic plankton in marine systems e.g. (7,14,16,17). 
Heterotrophic bacteria should be able to assimilate inorganic nutrients more efficiently 
than phytoplankton since they have a larger surface area to volume ratio (16,18). 
Therefore, if not limited by organic carbon, heterotrophic bacteria are expected to 
outcompete phytoplankton for nutrients (13,14). Recent studies suggest that in 
heterogeneous natural planktonic communities, nutrient co-limitation is predicted (19). 
This can occur when multiple nutrients limit microbial planktonic growth 
simultaneously (19). It has also been shown that microbial plankton can be co-limited by 
a combination of different nutrients dependent upon aquatic conditions and locality 
(18,19).  
 The most extensively studied limiting inorganic nutrients for marine microbial 
plankton growth include the different forms of nitrogen, phosphorus, and silica (7,8,16). 
Nitrogen (as nitrate) and phosphorus are the prevailing limiting nutrients in most marine 
systems. However, which nutrient(s) are limiting depends on chemical, biological and 
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physical factors (8,9,12). It has traditionally been accepted that nitrogen is the limiting 
nutrient to productivity and phytoplankton growth in the open ocean (9,20). It has more 
recently been suggested that open ocean nutrient limitation can be due to either nitrogen 
or phosphorus (8,9,12,21,22). Tyrell (21) also explained that nutrient limitation in the 
ocean is dependent on the time and spatial scales to which the question is applied. He 
described the ‘proximate limiting nutrient’ as the local, short-scale limitation to 
productivity along side the ‘ultimate limiting nutrient’ which is the limitation to the total 
system over geological time-scales (thousands of years and longer) based on the ultimate 
fate of nutrient cycling. This paradigm is intimately linked with organisms that are 
capable of nitrogen fixation (8,9,21). When nitrogen is limiting, organisms capable of 
fixing nitrogen will gain the competitive advantage when sufficient energy is available 
in the form of light or excess carbon, and contribute biologically available nitrate to 
surface waters. The energetic cost of nitrogen fixation is then no longer favored and 
other plankton will grow, eventually depleting the system of nitrate again. Since there is 
no biological mechanism to replenish surface phosphate concentrations, phosphate will 
ultimately limit productivity (21). However, typically trace amounts of phosphate are 
detected in the open-ocean, where nitrate is undetectable, and evidence indicates that 
nutrient enrichment with nitrate stimulates growth and productivity from these systems 
while often phosphate does not (21). Accordingly on local, short time-scales nitrate is 
the limiting nutrient to productivity while prolonged nutrient cycling of phosphate limits 
productivity on system-wide scales and over long time periods based on geochemical 
evidence. Biologically, the plasticity of phosphorous- containing macromolecules is 
greater than nitrogen-containing macromolecules. Therefore, nitrogen has the potential 
to be more limiting than phosphorous overall (23). 
In estuarine and coastal environments, the dominant limiting nutrient reflects 
unique chemical and physical parameters to each location. Howarth and Marino (8) 
suggested that high salinity estuaries limit nitrogen fixing cyanobacterial growth rates, 
preventing them from overcoming grazing pressures, driving an overall nitrogen 
limitation. Turbidity also plays a significant role in driving nutrient limitation because in 
  4 
shallow, clear estuaries benthic cyanobacterial mats and seagrasses contribute to the pool 
of available nitrate through substantial nitrogen fixation leading to phosphate limitation. 
However, in deeper, turbid estuaries nitrogen fixation contributes much less nitrate 
(8,24) favoring a nitrogen limited system. In addition to nitrogen and phosphorous 
limiting systems, some autotrophic organisms construct tests composed of silica, making 
dissolved silicate a limiting nutrient for diatom population growth in some regions 
(25,26). Interestingly, the marine autotrophic cyanobacteria Synechococcus sp. has also 
been shown to contain high levels of silica under certain conditions. Although the 
reasons and mechanisms for uptake are not yet described, it has been hypothesized that 
uptake of silica by Synechococcus may alter diatom production and subsequently the 
silica cycle in the open ocean (27,28). Therefore, abundant evidence exists supporting 
the importance of nutrient availability for marine microbial plankton. Nutrient stimulated 
relationships among microbial plankton have the potential to be important given that 
heterotrophic bacteria and many autotrophic cyanobacteria are within the same size 
range (pico- to nano- plankton) and both require inorganic nutrients to thrive. However, 
the integration of how heterotrophic and autotrophic microbial plankton simultaneously 
respond to nutrients has not been extensively studied in marine systems (7,14,17,18,23).  
 Nutrient availability has also been shown to determine the dominant size of 
organisms within microbial populations (16,26,29,30). Smaller phytoplankton (<20 µm) 
have been shown to dominate under low nutrient concentrations, making it common to 
observe high abundances of small size phytoplankton and cyanobacteria in oligotrophic 
open ocean systems (29). The observation of a shift in community composition toward 
smaller phytoplankton and bacteria in oligotrophic systems may be because they can 
outcompete larger organisms for limited inorganic nutrients (16). Alternatively, in high 
nutrient environments it is expected that large taxa outcompete the small taxa regardless 
of their uptake capacity, driving the smaller organisms into a realized niche within 
oligotrophic systems. Correspondingly, it has been observed that coastal marine systems 
associated with increased nutrient availability host higher concentrations of larger 
marine plankton cells, biomass, and primary productivity (31). Interestingly, shifts from 
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larger eukaryotes to smaller prokaryotes have been observed simultaneously to 
increasing primary productivity and increased biomass at the Hawaii Ocean Time-series 
location (32,33). Studies have also shown heterotrophic responses to nutrient addition in 
coastal zones (15,17) indicating that small microorganisms remain important throughout 
varied marine nutrient regimes.  
Microbes are intimately linked with marine food webs as the foundation of 
multiple energy transfer pathways to higher trophic levels e.g. (1,26,34). Nutrient 
limitation can have significant impacts on microbial community structure, function, and 
interactions driving potentially important shifts in overall ecosystem stability (7). 
Specifically, the limitation of microbial growth could decrease the carbon assimilated 
into food webs and subsequently transferred to higher trophic levels (7,32,33). 
Alternatively, competition for limited inorganic nutrients may drive shifts in 
heterotrophic versus autotrophic dominated microbial communities, impacting 
interactions with grazers of each group (14). Nutrient driven shifts in marine microbial 
plankton community structure and subsequent changes in their predators could 
ultimately impact the carbon export to the deep sea and marine sediments (6,30).  
Nevertheless, the intricate workings of interactions within the marine microbial 
community and among microbial plankton and their predators remain unconstrained 
(29,34). Since nutrient driven shifts in microbial communities are linked to changes in 
productivity and energy, the resolution of how these populations are changed is 
important in order to better understand the potential impacts on the greater ecosystem. 
 Only a few previous studies have examined microbial autotrophic and 
heterotrophic abundance simultaneously in order to evaluate the potential competition 
for inorganic nutrients within this size fraction of the community (14,17,18). For 
example, in a coastal environment, Joint (17), conducted a single mesocosm experiment 
over the course of 6 days. The heterotrophic bacterial population was not observed to 
have significant change in abundance when exposed only to inorganic nutrients, but 
dominated the community in the presence of inorganic nutrients plus organic carbon. 
The microbial autotrophic community declined in abundance associated with the same 
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treatment and little alteration of pigment concentration. This indicated that autotrophic 
and heterotrophic microbial communities likely compete for inorganic nutrients when 
abundant organic matter is available. Similarly, in the Arctic Ocean, Thingstad (14), 
examined a diatom-dominated autotrophic response in relationship to heterotrophic 
responses in a 13-day mesocosm experiment. Microbial responses to additions of silicate 
and inorganic carbon indicated competition as bacterial abundance and productivity 
increased but the organic carbon pool decreased (14). Both autotrophic and heterotrophic 
microbial populations were found to respond to nutrients from five locations ranging 
across a latitudinal transect from 26°N to 29°S in the central Atlantic Ocean (18). 
However, there was no consistent pattern to these responses at all sites, indicating that 
the relative importance of these nutrients on marine microbial dynamics varied spatially 
(18). Considering the potential importance of how microbial communities respond to 
nutrient additions, there are still major gaps in our understanding of responses to 
naturally occurring nutrient pulses under ambient carbon concentrations in a variety of 
systems.  
 
1.2 Trait-Based Microbial Ecology 
Trait-based ecology is a framework designed to address ecological questions 
using the measurable physiological properties of an individual (35,36). Key traits confer 
specific levels of fitness to an organism and can affect that individual’s performance and 
impact on the environment (37). A classic example is size, which often provides more 
valuable information about an individual’s ecological footprint than phylogenetic 
assignment (30,35,36).  A trait focus is also being applied at higher organizational levels 
in order to examine connections between community and ecosystem structures and 
functions (37). 
The advent of molecular techniques has dramatically changed the scientific 
understanding of marine microbiology (38,39). However, with the great wealth of 
information provided by examining the microbial genome, transcriptome and proteome 
in varying marine contexts, comes challenges that remain to be overcome. In order to 
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bring ecological context to genomic data, operational taxonomic units identified in 
marine microbial communities have invariably been related to “species”, often 
(somewhat arbitrarily) being defined as having 97% similarity in nucleic acid structure 
(40). This definition presumes similar structure corresponds to function which may not 
be accurate because of widely observed intra-specific variation, or “ecotypes” within a 
given microbial taxon (41) compounded by functional redundancy within individual 
genomes and community level metagenomes (42). Although there are apparent patterns 
in marine microbial diversity, how that diversity translates into their relationships with 
co-existing biology and chemistry is poorly understood (41,43–45). Finally, as “Big 
Data” repositories of molecular information continue to grow, utilizing these data to 
derive meaningful information will require careful management strategies and statistical 
evaluations (46,47).  
Addressing ecological questions using a trait-based approach has been successful 
for marine phytoplankton (48) and if combined with molecular tools, could derive 
valuable insight into the outstanding questions in marine microbial ecology 
(41,45,49,50). Flow cytometric methodology conveniently targets microorganisms 
within the nano- and pico-plankton size fraction, and can provide information related to 
physiological cell characteristics at a single cell level (47,49,51,52). Further, the 
automated enumeration of microbial populations using flow cytometry greatly increases 
counting capacity which ultimately reduces statistical and microscopy biases (51,52). 
Organizing microbial communities based on observable traits rather than taxonomy has 
been termed the “physiological community structure” (53) and comparisons herein 
utilize this type of microbial community classification. Within this study examinations 
of heterotrophic groupings based on nucleic acid content characteristics, of heterotrophic 
and autotrophic groups based on photo-pigment presence/absence, and of a combination 
of heterotrophic groups based on nucleic acid content and autotrophic groups based on 
different photo-pigment concentrations were conducted. The application of trait-based 
ecology to marine microbes using flow cytometry will continue to develop new and 
interesting insights.  
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1.3 Objectives and Hypotheses 
The overarching objective of this study was to evaluate the abundance of marine 
microorganisms within the nano- (0.2-2 µm) and pico- (2-20 µm) plankton size fractions 
(herein termed microbial plankton) to determine potential spatiotemporal relationships 
with inorganic nutrient availability. Although taxonomic and functional microbial 
responses to nutrient availability have been evaluated in some marine systems, very few 
have focused on relationships among physiologically derived subsets of these 
communities. Specifically, these relationships have not yet been examined in the 
Northern Gulf of Mexico, Galveston Bay Estuary or when using the same technique 
across naturally occurring nutrient gradients. Flow cytometric evaluation of in situ 
variability in microbial plankton combined with complementary bioassay experiments 
evaluating responses to nutrient enrichment were examined to confirm potential nutrient 
limitation of abundance or nutrient driven shifts in physiological community structure. 
Three specific experiments were conducted to address different questions targeting (1) 
relationships among estuarine heterotrophic groups, (2) relationships between estuarine 
heterotrophic and autotrophic groups, and (3) relationships between open ocean 
heterotrophic and autotrophic groups.  
In the first analysis (Chapter 2), findings are described for inorganic nutrient 
influences on groups of estuarine heterotrophic microbial plankton. Groupings of 
heterotrophic pico- and nano-plankton have been detected using flow cytometry based 
on relatively different nucleic acid contents across varying marine systems and 
conditions globally. The ecological context of why these groupings are consistently 
observed remains under investigation. This study evaluated the variability in relative 
abundance of heterotrophic groups defined by nucleic acid content in the Trinity River 
Basin of Galveston Bay, an estuarine location temporally impacted by high or low river 
inflows. Significant variability was observed in situ and was correlated to a combination 
of temperature and dissolved inorganic nitrogen (DIN) concentration using a distance 
based linear model. In vitro experimentation confirmed corresponding episodic nitrogen 
limitation of heterotrophic organisms. When the lowest in situ DIN concentrations were 
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observed (<0.006 µMol L-1), heterotrophs containing relatively lower nucleic acids 
dominated in situ assemblages and responded to enrichment rapidly (within 24-48 
hours), while heterotrophs containing relatively higher nucleic acids responded more 
slowly (after 72 hours). These findings support that cellular nucleic acid content can be 
used to detect shifts in heterotrophic communities associated with inorganic nutrient use, 
which provides insight into potential microbial ecological strategies.  
In the second analysis (Chapter 3), the influence of inorganic nutrients on the 
relationships between estuarine heterotrophic and autotrophic microbial plankton are 
evaluated. Limitation of autotrophic and heterotrophic marine microbes by inorganic 
nutrients has been observed in several marine environments and is predicted to be more 
likely in coastal systems where heterotrophic carbon requirements may be surpassed by 
in situ availability. This study evaluated the spatiotemporal dynamics in heterotrophic 
and autotrophic pico- and nano-plankton abundance simultaneously to target potential 
nutrient limitation and nutrient driven shifts between these fractions at two stations in 
Galveston Bay, Texas. Significant spatiotemporal variability in microbial plankton was 
correlated to temperature, dissolved inorganic nitrogen, dissolved inorganic phosphorous 
and total organic carbon such that temporal nitrogen limitation was expected at a station 
frequently exposed to freshwater inflow events compared to phosphorous limitation at a 
station primarily exposed to Gulf of Mexico tidal influences. Corresponding nutrient 
enrichment experiments suggest that nitrogen, phosphorous or a combination of both 
temporally limits microbial plankton carrying capacity at both stations in Galveston Bay. 
The occurrence of phytoplankton blooms may influence competition for inorganic 
nutrients among autotrophic and heterotrophic fractions of estuarine marine microbes, 
potentially influencing ecosystem dynamics.  
Finally, in the third analysis (Chapter 4), coastal and mesoscale driven influences 
on inorganic nutrient availability to both heterotrophic and autotrophic microbial 
plankton are investigated. Mesoscale circulation generated by the Loop Current in the 
Northern Gulf of Mexico (NGOM) delivers growth-limiting nutrients to the microbial 
plankton of the euphotic zone. Consequences of physicochemically driven community 
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shifts on higher order consumers and subsequent impacts on the biological carbon pump 
remain poorly understood. This study evaluates microbial plankton (0.2 to 20 µm) 
abundance and community structure across both cyclonic and anti-cyclonic circulation 
features in the NGOM using flow cytometry (SYBR Green I and autofluorescence 
parameters). Non-parametric multivariate hierarchical cluster analyses indicated that 
significant spatial variability in community structure exists such that stations that 
clustered together were defined as having a specific ‘microbial signature’ (i.e. 
statistically homogeneous community structure profiles based on relative abundance of 
microbial groups). Salinity and a combination of sea surface height anomaly and sea 
surface temperature were determined by distance based linear modeling to be abiotic 
predictor variables significantly correlated to changes in microbial signatures. 
Correlations between increased microbial abundance and availability of nitrogen suggest 
nitrogen-limitation of microbial plankton. Regions of combined coastal water 
entrainment and mesoscale convergence corresponded to increased heterotrophic 
prokaryote abundance. The results provide the first evidence of how mesoscale 
circulation influences on microbial plankton in the NGOM. 
  
  11 
CHAPTER II  
CYTOMETRIC ANALYSIS OF HETEROTROPHIC ESTUARINE PLANKTON 
RESPONSES TO INORGANIC NUTRIENT AVAILABILITY 
 
2.1 Introduction 
Heterotrophic marine pico- and nano-plankton ranging in size from 0.2 to 20 µm 
(herein microbial heterotrophs) have been studied extensively throughout the global 
oceans (54). As molecular methodology becomes increasingly robust, the immense 
phylogenetic diversity of marine microbial heterotrophs continues to be elucidated (39) 
and refs. therein). The application of traditional ecological concepts to these diverse 
organisms is complicated by their ability to rapidly grow, horizontally transfer genetic 
information and interact with both their environment and biology. Therefore, in addition 
to taxonomic categorization it has been suggested that marine heterotrophic assemblages 
also be organized based on physiological traits, termed physiological community 
structure by Del Giorgio and Gasol (53), to examine potential heterotrophic microbial 
ecological strategies (55). 
 Flow cytometry has detected globally ubiquitous groupings of marine 
heterotrophic microbes based on nucleic acid content (52,56). Typically these groups 
have been defined as either low or high nucleic acid containing bacterial fractions e.g. 
(57–59) (herein HNAB and LNAB) but additional groups have also been observed 
(60,61) (herein ‘medium nucleic acid containing’ MNAB). Several analyses have 
suggested that organisms with higher nucleic acid content represent a more active 
fraction of the community, which is supported by strong positive correlations to bacterial 
production, growth rates and bulk activity (59,62–64). Based on these studies it has been 
hypothesized that LNAB are inactive and act as a reservoir for genetic information 
and/or species that can eventually become active under optimal environmental 
conditions (56,65,66). However, highly active members of the community have been 
detected within the LNAB fraction (55,60,67). Recent molecular evidence suggests that 
certain species are distinct to specific physiological fractions while others are not (66,68) 
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indicating that nucleic acid content based groupings are not defined simply by 
taxonomic differences (56,66). These findings have prompted ongoing efforts to 
understand the ecological context of this potentially important physiological distinction 
in marine microbial heterotrophic assemblages.  
The increased fluorescent signal defining HNAB cells is conceivably related to 
increased genome length (66,69). These longer genomes may include additional 
functional regions conveying the ability to conduct a broader range of processes to these 
organisms. Therefore, it is predicted that heterotrophs with relatively higher nucleic acid 
content may be able to occupy more diverse niches and better adapt to changing 
environments; i.e. exhibiting generalist survival strategies (66,69). This possibility is 
supported by evidence that the HNAB fraction has been found to be more abundant and 
maintain higher nucleic acid content in highly productive coastal marine regions 
compared to oligotrophic systems (56). Conversely, lower nucleic acid containing 
heterotrophic microbes would be expected to exhibit specialist survival strategies. 
Supporting this hypothesis is the observation of significantly lower taxonomic diversity 
in LNAB compared to HNAB fractions suggesting that fewer niches are available to 
organisms with this particular physiological constraint (66).  
Although heterotrophic marine microorganisms require external carbon 
resources, previous analyses have shown that inorganic nutrients can be among factors 
that contribute to limitations on their growth rate, abundance and production 
(7,15,70,71). Specifically in estuaries, allochthonous carbon sources are predicted to 
augment autochthonous carbon, potentially alleviating carbon limitation of heterotrophic 
microbes (15). Additionally, other regulating environmental factors, such as temperature 
and salinity, have been highly correlated to heterotrophic community dynamics in 
estuaries (55). Estuarine systems are therefore ideal to evaluate the potential impacts of 
inorganic nutrients on heterotrophic groups defined by varying nucleic acid physiology 
in order to potentially provide important insight into their ecology.  
The purpose of this study was to characterize temporal variability of abundance 
and relative nucleic acid content among three heterotrophic groups, LNAB, MNAB and 
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HNAB, in the Trinity River Basin of Galveston Bay where episodic freshwater discharge 
influences nutrient availability (72). We hypothesize that heterotrophic temporal 
dynamics will be related to in situ nitrogen or phosphorous concentrations and that 
physiologically distinct heterotrophic groups will have different responses to nutrient 
enrichment based on potential differences in ecological strategy.  
 
2.2 Study Location 
Galveston Bay (Texas) is 1554 km2 in area (Figure 2.1) making it the 7th largest 
estuary in the United States and the second largest in the western Gulf of Mexico (73–
75). Its watershed includes two major metropolitan areas Dallas/Ft. Worth and Houston, 
as well as large industrial and agricultural areas (73,74). Galveston Bay is considered a 
shallow estuary, with an average depth of 2-3 m and physical wave dynamics are 
primarily wind driven (76,77). Previous research has estimated the whole system 
residence time at an average of 0.035 d-1 for 30 days (75). Exchange with the Gulf of 
Mexico is limited to a narrow channel (Figure 2.1) and the bay experiences tidal ranges 
between 0.1 and 0.5 m (75).  Two rivers, the San Jacinto and the Trinity contribute 
freshwater inputs that are influenced by seasonal rainfall (74). Significant negative 
correlations between salinity and either nitrate and phosphorous have been observed 
close to the Trinity River mouth, suggesting river driven nutrient inputs to the Bay (72). 
Prolonged elevated nutrient inputs have contributed to Galveston Bay becoming one of 
the most eutrified systems in the Gulf of Mexico (78). Dominant nitrogen sources 
include agriculture and sewage waste constituting 87.6% of the total nitrogen input to 
Galveston Bay (73).  
Nutrient flux and hydraulic displacement associated with freshwater inflow 
dynamics have been documented to influence phytoplankton populations in Galveston  
Bay (75). The spatiotemporal availability of nitrogen (N), phosphorous (P) and a 
combination of both has been observed to limit overall primary productivity (74,75,79). 
Additionally, of five significant fish kills in Galveston Bay since 1971, four can be 
attributed to low dissolved oxygen or toxic algal blooms linked to bay-wide nutrient 
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dynamics (80). Despite several research initiatives examining the total phytoplankton 
community in Galveston Bay, to the authors’ best knowledge resident marine 
heterotrophic and autotrophic pico- and nano-plankton have not been extensively 
studied. 
 
 
 
 
Figure 2.1 Map of Galveston Bay. Station GB1 is located at the mouth of the Trinity 
River where large freshwater inflow events contribute to temporal variability in 
environmental conditions. Station GB2 is located at the mouth of the bay, in the tidal 
exchange channel. Temporal variability in environmental conditions at this station are 
predominantly influenced by the Gulf of Mexico. 
 
Figure 2.1 Map of Galveston ay. Station GB1 is located at the mouth of the Trinity 
River and station GB2 is located at th  mouth f the bay, in the tidal exchange cha nel 
with the Gulf of Mex co. 
  
94°20'W
94°20'W
94°30'W
94°30'W
94°40'W
94°40'W
94°50'W
94°50'W
95°0'W
95°0'W
95°10'W
95°10'W
29°50'N 29°50'N
29°40'N 29°40'N
29°30'N 29°30'N
29°20'N 29°20'N
29°10'N 29°10'N
Gulf of Mexico
TX
GB 1
Trinity
River
San Jacinto
River
0 10 205 Kilometers ±
Gulf of Mexico
GB 2
Galveston
Bay
  15 
2.3 Methods 
2.3.1 Sampling Procedures 
Surface water samples (top 1 m) were obtained onboard the RV Phyto I at 
monthly intervals for 9 months beginning in March of 2013 and ending in January of 
2014 at station GB1 (29.70°N, 94.74°W). Poor weather conditions prevented sampling 
in July and September. In situ abiotic data were collected simultaneously to biological 
sampling each month. Temperature (°C), salinity (unit-less practical salinity scale), pH 
and conductivity (mS cm-1) were obtained using a Dataflow apparatus calibrated and 
geo-referenced with a GPS, to rapidly quantify physicochemical variables from ~10 cm 
below the surface (81). Water transparency (m) was determined by deployment of a 20 
cm diameter Secchi Disk Code 1062 (LaMotte Company, Maryland, USA). 
Freshwater inflows (FWI) from the Trinity River were obtained from a USGS 
monitoring station (Trinity River at Romayer; USGS gauge 08066500). Antecedent flow 
(volume discharged, m3 s-1) was determined by taking an average of the volume 
discharged on the sampling date and the five previous days. This time frame was 
validated by preliminary tests showing microbial responses to nutrient enrichment within 
<5 days (data not shown).  
The concentration of the total suspended solids (TSS) (mg L-1) was obtained by 
filtering water (150 mL) through a pre-combusted (400°C, 5 hrs), pre-weighed 0.7 µm 
glass fiber filter (GF/F, Whatman, Kent, UK) and rinsed with double deionized water 
before drying at 60°C for a week and re-weighing. Determination of dissolved nitrate 
(NO3- ), nitrite (NO2-), ammonium (NH4+), phosphate (Pi) and silicate (HisO3) 
concentrations (µmol L-1) was achieved by filtering water (50 mL) through a GF/F to 
remove particulates; filtrate was then stored in sterile centrifuge tubes at -20°C until 
processing. Total nitrogen and phosphorus concentrations were determined on the same 
unfiltered sample. All nutrients were determined using an auto-analyzer (Astoria-Pacific, 
Clackamas, OR) at Texas A&M University Geochemical and Environmental Research 
Group. Resulting data were quality checked against replicated standards and were 
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significantly correlated (r ≥ 0.99). The ratio of inorganic nitrogen (DIN) to Pi was 
calculated after summing the dissolved nitrogen inputs (DIN = NO3- + NO2 +NH4+).  
Concentrations of dissolved and total organic carbon (DOC, TOC; mg L-1) were 
determined on a Shimadzu TOC-L (Shimadzu, Columbia, MD) for three replicates of 
each sample against a standard calibration curve. Standards of potassium hydrogen 
phthalate at 0, 1, 2 and 5 mg L-1 comprised the calibration curve. Inorganic carbon was 
removed from each sample with 1N HCL. Ultrapure air was used as the carrying and 
purging gas, and calibration was validated after every 10 samples (82,83).  
Gross primary productivity (g C m3 d-1) was calculated based on dissolved 
oxygen concentration pre- and post incubation of water under light or dark conditions. 
Water was collected into 300 mL glass Wheaton Biological Oxygen Demand (BOD) 
bottles with glass stoppers in triplicate for each treatment. Light bottles were incubated 
under shade cloth providing a 50% reduction of sunlight.  BOD was determined after a 
minimum of 2-hour incubation using a portable Luminescent/Optical Dissolved Oxygen 
Probe HQ-40D (HACH, Loveland, CO). 
 
2.3.2 Bioassay Incubations 
Bioassays were conducted for every in situ sampling event. Water samples were 
collected from the surface (top 1 m) and distributed to triplicate pre-acid washed carboys 
(4 L) for control and two nutrient enrichment treatments (total of 9 carboys). All 
sampling equipment was cleaned with distilled water between stations and rinsed with 
sample water three times. Nitrogen (NaNO3) and a combination of nitrogen and 
phosphate (NaH2 PO4 H2O) were added to their respective enrichment category (+N) or 
(+N+P), corresponding to f/2 medium (https://ncma.bigelow.org/algal-recipes). Carboys 
were deployed into mesocosm corrals within the Texas A&M University at Galveston 
boat basin, which experiences similar environmental conditions to the adjacent 
Galveston Bay including natural wave and tidal motions as well as ambient diel cycles 
of light and dark (shade cloth provided a 50% reduction of surface sunlight) (79,84). 
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  Initial (in situ) and incubated water were sampled from each replicate carboy 
(i.e. in triplicate) at 0, 24, 48, 72, 96, 120, 144 and 168 hours. For the purposes of this 
study, we compared enriched treatments individually to the control using all data from 
the 168-hour incubation and also at each 24-hour interval to examine overall and higher 
resolution dynamics patterns. Plankton were isolated for flow cytometric analysis by 
passing 1mL of sample water through a 20 µm mesh-size sieve into sterile 1.5 mL 
microcentrifuge tubes containing 0.2 µm filtered paraformaldehyde and molecular 
biology grade gluteraldehyde at final concentrations of 1% and 0.01% respectively (85). 
All samples were stored at -20°C and maintained frozen until processing for flow 
cytometry. The preservation method employed herein considered previous reports that 
storage temperature (4°C or flash freezing to -80°C) had little effect on cell loss or 
histogram visualization (85) and that these biases were reduced when combining both 
paraformaldehyde and gluteraldehyde as fixatives (62). A 20 µm sieve was chosen with 
recognized constraints associated with flow cytometry in mind but primarily because it 
allowed us to focus on the nano (<2 µm) and pico (2-20 µm) plankton size fractions. 
 
2.3.3 Flow Cytometry 
Plankton were stained with SYBR Green I following procedures modified from 
Marie et al. (86) and enumerated on a GalliosTM 3-laser flow cytometer (Beckman 
Coulter, Brea, CA). Aliquots of preserved sample were stained with 1/1000 diluted 
10000X concentrated SYBR Green I (Invitrogen, Carlsbad, CA). SYBR Green staining 
and persistent fluorescence was enhanced by the addition of potassium citrate (30 m mol 
L-1 final concentration) to each sample (86). Preliminary experimentation indicated that 
increased temperature during incubation resulted in significantly greater (students paired 
two-tailed t-test, p≤0.05) SYBR Green I binding efficiency in both naturally pigmented 
and non-pigmented cells with this cytometer (data not shown). Therefore, incubation 
was carried out at ~60°C for 15 min. Internal size (10 µm) and enumeration (973 beads 
µL-1) standard flow count fluorophores were added to each sample tube post incubation 
(Beckman Coulter, Brea, CA.). Fluorescence was evaluated on particles isolated within  
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Figure 2.2 Cytograms visualizing microbial plankton groups of similar physiological 
characteristics. Magnitude of fluorescence is plotted on a logarithmic scale (x and y 
axes) and colored lines represent percentage of total count. (A) Gate targeting 
heterotrophic microbial plankton with Chlorophyll a fluorescence ≤10, SYBR Green I 
fluorescence ≥1. (B) Gate isolating heterotrophic microbial plankton with phycocyanin 
and SYBR Green I fluorescence (≤10, ≥0) respectively. (C) Cytogram plotting Boolean 
gate of particles within gate 2 subtracted from all particles resolving the autotrophic 
plankton. (D) Cytogram plotting a Boolean gate of all particles within gate 2, resolving 
the heterotrophic plankton. 
Figure .2 Property to property fluorescence cytogram pl ts generated by KALUZA 
softw re and used to vis alize microbial plankton groups of similar phy iological 
characteristics. Magnitude of fluorescence is plotted on a logarithmic scale (x and y axes) 
and colored lines represent perce tage of total count. (A) Gate targeting heterotrophic 
microbial plankton with Chlorophyll a fluorescence ≤10, SYBR Green I fluorescence ≥1. 
(B) Gate isolating heterotrophic microbial plankton with phycocyanin and SYBR Green I 
fluorescence (≤10, ≥0) respectively. (C) Cytogram plotting Boolean gate of particles 
within gate 2 subtracted from all particles, resolving in the autotrophic plankton. (D) 
Cytogram plotting a Boolean gate of particles within gate 2, resolving the heterotrophic 
plankton. 
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IsoFlow sheath fluid (Beckman Coulter, Brea, CA) and exposed to 488 nm and 638 nm 
excitation by lasers. Light scatter generated from particle disruption of the laser was 
collected from a low-angle, referred to as forward angle light scatter (52). SYBR Green I 
emission maximum of 522 nm was targeted by collection through a 525 nm band-pass 
filter ± 15 nm. Chlorophyll a emission maximum of 667 nm was targeted by collection 
through a 695 nm band-pass filter ± 15 nm. Phycoerythrin emission maximum of 576 
nm was targeted by collection through a 575 band-pass filter ± 15 nm. Phycocyanin 
emission maximum of 642 nm was targeted by collection through a 660 nm band- pass 
filter ± 15 nm. Samples were analyzed for 5 min. at a flow rate of 4-8 µL min.-1 
discriminating on SYBR Green I fluorescence.  
Data analysis was conducted using Kaluza Cytometry Analysis software 
(Version 1.2 Beckman-Coulter, Brea, CA). For this study, only the heterotrophic fraction 
of microbial plankton was targeted. Heterotrophic cells were discriminated from other 
particles by applying Boolean gating to a combination of bivariate logarithmic scale 
scatter plots (cytograms) of SYBR Green I, orange, and red fluorescence (Figure 2.2). 
Particles defined as heterotrophs using this method are likely to be bacteria (86), but the 
authors acknowledge that eukaryotic nano- and pico-heterotrophs may be contributing to 
counts within this size range.  Cells were grouped by similarity in nucleic acid content 
resolved with SYBR Green I Fluorescence on the basis of previously reported thresholds 
observed in the environment and culture verification (60,61,86). Three groups were 
resolved including low nucleic acid containing bacteria (LNAB), medium nucleic acid 
containing bacteria (MNAB) and high nucleic acid containing bacteria (HNAB) (60,61) 
(Figure 2.3). The relative abundance of the three heterotrophic groups is herein defined 
as heterotrophic community structure. 
To quantify abundance (cells mL-1), the volume of sample measured during flow 
cytometry was calculated by dividing the number of beads counted by the number of 
internal beads uL-1 in the sample. To quantify noise, an aliquot of each sample was 
filtered through a 0.2 µm sterile syringe filter (VWR, Radnor, PA) and processed 
immediately following each sample. Percent noise was eliminated by subtraction.  
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Figure 2.3 Cytogram and histogram visualizing thresholds for heterotrophic group 
identification. Thresholds were identified based on SYBR Green I fluorescence 
representing relative nucleic acid content. Approximate ranges for LNAB (0-4), MNAB 
(4-11) and HNAB (≥11) are shown. 
 
 
 
2.3.4 Statistical Evaluation 
Analyses were performed using PRIMER V6.1.15 and PERMANOVA V1.0.5 
(87,88). A second-stage comparison of dissimilarity matrices for untransformed, square-
root, fourth-root and log (X+1) transformation options (Figure 2.4) was conducted for 
both abiotic and biotic data. This process was conducted in order to select appropriate 
transformation procedures to reduce skewedness, increase linearity. The least severe 
transformation that correlated most strongly to all other transformation possibilities and 
maximized linearity in draftsman plots was selected (Figure 2.4F). In addition draftsman 
plots were generated and evaluated in order to eliminate collinear variables from further 
analysis (Figure 2.5). Non-collinear variables included in the analysis had correlations |r| 
≤ 0.90 which is a more stringent threshold than suggested by Anderson et al. (87) in 
order to further reduce model bias. Ultimately, abiotic data were square-root transformed 
and then normalized to account for differences in units of measurement and analyzed 
using Euclidean distance dissimilarity resemblance matrices. Heterotrophic abundance 
data were fourth-root transformed. Although this is biological data, because no zeros 
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were present, these data were also analyzed using Euclidean distance dissimilarity 
resemblance matrices (87,88). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4 Abiotic parameters exposed to different transformations. Non-parametric 
multi-dimensional scaling ordinations (nMDS) of temporal variability in abiotic 
parameters (A) No transformation. (B) Square-root transformation. (C) Fourth-root 
transformation. (D) Log(x+1) transformation. (E) nMDS visualizing a second-stage 
correlation between the individual transformation patterns. (F) Spearman ρ values for 
correlations between different transformation options. 
Figure 2.4 (A-D) Non-parametric multidimensional scaling ordinations (nMDS) 
visualizing variability in temporal environmental conditions under different 
transformations. A 2D Stress value of ≤0.1 indicates a valid representation of variability 
in a two-dimensional space and interpretations of patterns are therefore reasonable. (A) 
No transformation of measured data. (B) Square-root transformation of measured data. 
(C) Fourth-root transformation of measured data. (D) Log(x+1)  transformation of 
measured data.  (E) nMDS visualizing a second-stage correlation between the individual 
transformation patterns. (F) Spearman ρ values for correlations between different 
transformation options.  
!  
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Figure 2.5 Draftsman plots of microbial groups (LNAB, MNAB and HNAB). Visualizes 
correlations to verify linearity. Spearman ρ values are ≤0.90 indicating that these 
variables are not beyond the colinearity threshold for statistical evaluation. 
 
 
 
Significant in situ variability of individual heterotrophic groups (LNAB, MNAB 
or HNAB) through time was determined using type III partial sums of squares 
PERMANOVA main-test with unrestricted permutation for the fixed factor month (n=9). 
Hierarchical cluster (CLUSTER) and similarity profile (SIMPROF, 97% similarity, 9999 
permutations) analyses were performed on combined in situ data (abiotic: 13 non-
collinear parameters) and (biotic: 3 non-collinear groups) to evaluate temporal 
variability in overall environmental conditions and heterotrophic community structure. 
Significant differences identified by clusters in SIMPROF were verified by subsequent 
type III (partial) sums of squares PERMANOVA pairwise tests where permutation of 
data was unrestricted using a single factor assigned according to the clustered groups 
(87). Non-parametric multi-dimensional scaling (nMDS) ordinations were used to 
Figure 2.5 Draftsman plots of microbial groups (LNAB, MNAB and HNAB) visualizing 
correlations among all samples and used to verify linearity. Spearman ρ values are ≤0.90 
indicating that these variables are not beyond the co-linearity threshold for statistical 
evaluation. 
!  
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visualize dissimilarities in environmental conditions through time. The nMDS two-
dimensional representation is considered acceptable for interpretations when the stress is 
less than 0.1 (88). Relationships among individual abiotic parameters and their 
variability through time were visualized using spearman derived correlated vectors (88). 
Dendrograms were used to visualize statistical variability in heterotrophic community 
structure through time (88).  
Environmental predictor variables significantly correlated to temporal changes in 
heterotrophic community structure were identified using distance-based linear modeling 
(DISTLM). Models were generated using all possible combinations of predictor variable 
inputs with the “BEST” selection technique and the Akaike information criterion 
corrected (AICc) which, as in this study, is optimally applied to situations where the 
number of abiotic predictor variables is greater than biological variables (87,88). The 
amount of variability in biotic data explained by the environmental predictor variables 
identified by the model was quantified within DISTLM. Secondary clustering of biotic 
data was conducted based on significantly correlated environmental predictor variables 
using the LINKTREE and SIMPROF analyses (97% similarity, 9999 permutations) (89). 
Environmental thresholds were determined by successive binary division of predictor 
variable data and utilized to re-cluster biotic data (89). 
Responses of heterotrophic community structure to enrichment with +N or +N+P 
were evaluated each month by comparison to control treatments. The overall impact of 
nutrient enrichment was determined using data from all samples obtained over the 168-
hour incubation period and was analyzed using a one-way Analysis of Similarities 
(ANOSIM) test for the fixed factor of treatment (control, +N, +N+P). Response to 
nutrient enrichment was considered significant if random permutations of the data 
achieving an R statistic greater than the actual (non-permuted real data) R statistic were 
<5 out of 9999 permutations (α ≤ 0.05).  
A type-III partial sums of squares PERMANOVA design with unrestricted 
permutations of raw data was used to evaluate pair-wise comparisons between 
treatments at each twenty-four hour interval over the 168-hour incubation. The two fixed 
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factors incubation time (24, 48, 72, 96, 120, 144 and 168 hours) and treatment (control, 
+N, +N+P) were crossed to evaluate potential interactions among these factors based on 
the PERMANOVA main test. Shifts in heterotrophic community structure in response to 
nutrient enrichment were considered significant if the P(Perm) ≤0.05 under >9900 
permutations. In cases where >9900 permutations were not possible, an approximate p-
value (considered significant if α ≤0.05) was determined using Monte Carlo random 
sampling of the asymptotic permutation distribution (87). Although this experimental 
design is considered a repeated measures test, the potential for correlation structure 
through time to confound significant treatment test results was minimized by the 
underlying randomization of samples in ANOSIM or PERMANOVA analyses (87). 
 
 
 
Table 2.1 Collinearity of abiotic parameters at GB1. Spearman correlation ρ values 
among individual abiotic parameters. Salinity was correlated to conductivity and 
freshwater inflow (FWI) beyond the threshold of collinearity (ρ ≤ 0.90). Total 
phosphorous (Total P) and dissolved inorganic phosphorous (Pi) were also collinear. 
Therefore, salinity and Pi were included in statistical analyses as representatives of their 
collinear parameters. 
 
 
 
Visualization of heterotrophic plankton responses to nutrient enrichment was 
achieved using histograms for the total 168-hour incubation and using nMDS ordinations 
Table 2.1 Spearman correlation ρ values between temporal variability in individual 
abiotic parameters. Salinity was correlated to both conductivity and freshwater inflow 
(FWI) beyond the r ≥ 0.90 threshold of co-linearity. Total Phosphorous (Total P) and 
dissolved inorganic phosp orous (Pi) were also correlated beyond the co-l near threshold. 
Therefore, salinity and Pi were included in statistical analyses as representatives of their 
co-linear parameters (Clarke et al. 2008). 
!  
 Temperature Salinity pH Conductivity Secchi GP Pi HSiO3 Total N Total P TSS DOC TOC FWI DIN DIN:Pi 
Temperature                 
Salinity -0.16                
pH -0.33 -0.06               
Conductivity -0.09 0.99 -0.07              
Secchi -0.04 -0.09 -0.72 -0.10             
GP -0.12 -0.48 -0.21 -0.48 0.59            
Pi 0.53 -0.27 0.07 -0.17 0.07 0.38           
HSiO3 0.50 -0.61 0.13 -0.54 0.03 0.60 0.77          
Total N 0.09 -0.62 0.45 -0.65 -0.07 0.08 0.08 0.39         
Total P 0.54 -0.37 0.23 -0.28 -0.12 0.20 0.95 0.72 0.27        
TSS 0.49 -0.04 0.55 -0.02 -0.65 -0.38 0.36 0.31 0.42 0.56       
DOC 0.56 -0.40 0.45 -0.31 -0.45 -0.06 0.70 0.73 0.44 0.79 0.62      
TOC -0.24 0.78 -0.33 0.71 0.14 -0.45 -0.58 -0.86 -0.50 -0.60 -0.17 -0.78     
FWI 0.07 -0.90 -0.18 -0.87 0.27 0.59 0.25 0.51 0.27 0.24 -0.32 0.23 -0.70    
DIN -0.41 -0.55 0.01 -0.52 0.29 0.60 0.25 0.25 0.07 0.23 -0.38 -0.03 -0.43 0.63   
DIN:Pi -0.63 -0.44 0.24 -0.44 -0.08 0.22 -0.23 -0.08 0.13 -0.15 -0.31 -0.16 -0.26 0.45 0.82  
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for pairwise comparisons at each 24-hour interval. Concentrations of heterotrophic 
groups as defined by nucleic acid content were represented on the ordinations by 
Spearman correlated vectors. 
2.4 Results 
2.4.1 In situ Abiotic Conditions 
Collinearity based on a threshold of |r| ≥0.90 was detected among abiotic 
parameters measured throughout the sampling term in the Trinity River Basin. Salinity 
was correlated to conductivity (r=0.99) and also negatively correlated to FWI (r=-0.90) 
(Table 2.1). Similarly, Pi and Total P were strongly correlated (r=0.95) (Table 2.1). 
Salinity and Pi were chosen to represent their collinear parameters in subsequent 
statistical analyses. Significant temporal variability was observed in environmental 
conditions based on the relationships between co-occurring individual parameters 
(SIMPROF, p ≤ 0.01, PERMANOVA, p=0.0005).  
Table 2.2 Environmental conditions at station GB1. Non-collinear physical and chemical 
parameters in surface water (~1m depth) at station GB1 measured at approximately 
monthly intervals from March 2013 through January 2014. 
 
 
 
Temperature ranged more than 19 °C during the nine month sampling period 
with its maximum (29.6 °C) and minimum (10.3 °C) observed in August and December, 
respectively (Table 2.2). Two months of reduced salinity were observed in June (10.6) 
Table 2.2 Non-co-linear physical and chemical parameters in surface water (~1m depth)
at station GB1 measured at monthly intervals from March 2013 through January 2014.
!
Time-point Temperature (°C) Salinity pH 
Secchi 
(m) 
TSS 
(mg L-1) 
Gross Prod. 
(g C m-2 d-1) 
Pi 
(µmol L-1) 
HSiO3 
(µmol L-1) 
DIN 
(µmol L-1) 
DIN:Pi 
(µmol L-1) 
Total N 
(µmol L-1) 
DOC 
(mg L-1) 
TOC 
(mg L-1) 
March 14.61 18.68 8.29 0.79 0.02 0.46 1.03 16.84 0.23 0.22 68.36 8.48 17.74 
April 19.83 20.71 8.05 0.65 0.03 0.52 1.10 12.11 0.21 0.19 41.97 5.53 21.14 
May 19.63 16.21 8.18 0.69 0.03 0.99 0.76 49.57 0.62 0.82 64.72 8.15 16.00 
June 28.12 10.55 8.09 0.69 0.02 1.02 1.71 71.46 0.44 0.26 66.02 12.52 12.24 
August 29.56 14.00 8.56 0.47 0.11 0.73 4.43 92.40 0.01 0.01 77.60 17.31 13.07 
October 27.51 17.64 8.22 0.60 0.03 0.71 4.95 74.37 1.44 0.29 49.41 16.07 13.01 
November 14.72 10.10 8.22 0.88 0.02 2.14 3.59 75.61 11.08 3.09 66.92 9.66 12.49 
December 10.33 17.69 8.49 0.60 0.02 1.48 1.71 53.54 1.14 0.67 53.84 9.28 14.24 
January 12.25 13.89 8.62 0.35 0.04 0.28 0.69 25.34 2.40 3.48 65.84 11.87 14.07 
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and November (10.1) (Table 2.2). Several important relationships between salinity and 
other abiotic parameters existed, supporting the importance of temporal FWI dynamics 
to this location (Figure 2.6). The relationships between salinity and Pi, HSiO3, DIN, 
 
Figure 2.6 nMDS ordination of temporal variability in measured abiotic parameters at 
GB1. Spearman correlations for each individual abiotic parameter to the overall 
variability in environmental conditions (combined abiotic parameters) during each 
month are identified. Line length within the frame of reference circle represents the 
relative strength of the correlation and direction corresponds to a positive relationship. 
DIN:Pi, and TN were all negative (Figure 2.6), suggesting freshwater inputs of dissolved 
and total inorganic nutrients to the Trinity River Basin. While the relationship of salinity 
with DOC concentration was also negative, a positive correlation was observed with 
TOC concentration (Figure 2.6). Gross primary production was also negatively 
Figure 2.6 nMDS ordination visualizing the temporal variability in measured abiotic
parameters based on the factor month. Spearman correlations for each individual abiotic
parameter to the overall variability in environmental conditions (combined abiotic
parameters) during each month are identified. Line length within the circle represents the
relative strength of the correlation and direction corresponds to positive change.
!
Nov 
Aug 
Oct 
Jun 
Dec 
Jan 
May 
Mar 
Apr 
Secchi 
TOC 
Salinity 
TSS 
pH 
DOC Temp. 
HSiO3 Pi 
TN 
GP 
DIN 
DIN:Pi 
2D Stress: 0.08 
27 
correlated with salinity (Figure 2.6) connecting freshwater driven nutrient availability to 
phytoplankton production. A negative relationship was observed between TSS 
concentration and turbidity (Figure 2.6). Water transparency was high during November 
(0.9 m) corresponding to low TSS (0.02 mg L-1) and low during August (0.5 m) 
corresponding to high TSS (0.11 mg L-1) (Table 2.2). 
Figure 2.7 Abundance (cells mL-1) of the three heterotrophic groups identified at station 
GB1 from March 2013 through January 2014. These values were derived from an 
average of three replicates for each sample. 
2.4.2 In situ Heterotrophic Group Abundance 
The abundance of LNAB varied significantly through the nine month sampling 
term (PERMANOVA p=0.0001). The maximum concentration of LNAB (1.3 x107±1.8 
x106) was observed in August and the minimum concentration (1.3 x106±2.4 x105) was 
Figure 2.7 Heterotrophic abundance (cells mL-1) based n an average of three replicates
for LNAB, MNAB, and HNAB.
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observed in November (Figure 2.7). The abundance of MNAB varied significantly 
through the nine month sampling term (PERMANOVA p=0.0014). The maximum 
concentration of MNAB (4.6 x106±1.3 x106) was observed in October and the minimum 
concentration (1.0 x106±3.7 x105) was observed in December (Figure 2.7).  
 
Figure 2.8 Dendogram of group average hierarchical cluster analysis based on 
heterotrophic physiological community structure. Black lines indicate that there is 
internal multivariate structure in the data at 97% similarity threshold significant (p ≤ 
0.01) based on the SIMPROF test. Red lines indicate a non-significant test result; 
samples below these intersections are considered homogeneous in physiological 
community structure. Three significantly different clusters were identified and are 
visualized by symbols with unique shapes; circles represent samples within cluster 1, 
squares represent samples within cluster 2 and diamonds represent samples within  
cluster 3. 
Figure 2.8 Dendogram of group average hierarchical cluster analysis based on 
hete otrophic physiological community structure. Black lin s i dicate that there is
internal multivariate structure in the data at 97% similarity threshold (p ≤ 0.01) based on 
the SIMPROF test. Red lines indicate a non-significant test result; samples below these
points are considered homogeneous in physiological community structure. Three
significantly different clusters were identified and are visualized by symbols with unique
shapes; circles represent cluster 1, cluster 2 is represented by squares and diamonds
represents cluster 3.
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The maximum concentration of MNAB (4.6 x106±1.3 x106) was observed in October 
and the minimum concentration (1.0 x106±3.7 x105) was observed in December (Figure 
2.7). The abundance of HNAB also varied significantly through the nine month 
sampling term (PERMANOVA p=0.0002). The maximum concentration of HNAB (2.4 
x106±7.1 x104) was observed in November and the minimum concentration (1.5 
x105±5.4 x104) was observed in December (Figure 2.7). The relative abundance of 
LNAB:MNAB:HNAB (herein defined as heterotrophic community structure) varied 
significantly through time (SIMPROF p ≤ 0.01). The heterotrophic community structure 
was homogeneous (SIMPROF, p ≥ 0.01) during March, April, May, June and October 
(Figure 2.8). 
Table 2.3 Results of distance based linear model. Significant correlations (p ≤0.05) 
between individual abiotic parameters and variability in heterotrophic physiological 
community structure are identified using a Marginal Test. The combination(s) of abiotic 
parameters that are most strongly correlated are identified based on the Akaike 
information criterion corrected (AICc) and the BEST test. 
Table 2.3 Results of distance based linear model. Significant correlations (p ≤0.05) 
between individual abiotic parameters and variability in heterotrophic physiological
community structure are identified using a Marginal Test. The combination(s) of abiotic
parameters that are most correlated to variability in heterotrophic physiological
community structure are identified based on the Akaike information criterion corrected
(AICc) and the BEST Test.
!
DISTLM RESULTS 
Marginal Test 
Variable p-value Proportion Variability Explained 
Temperature 0.0045 50.60% 
Salinity 0.2433 17.30% 
pH 0.9464 0.00% 
Secchi 0.9399 0.00% 
Gross Productivity 0.5145 0.01% 
Pi 0.1729 21.2% 
HSiO3 0.4763 10.49% 
Total N 0.5352 0.01% 
TSS 0.1167 27.40% 
DOC 0.2151 18.93% 
TOC 0.7465 0.00% 
DIN 0.0330 35.09% 
DIN:Pi 0.0065 47.92% 
Overall BEST Solutions 
Variable AICc Proportion Variability Explained 
Temperature and DIN 42.044 72.27% 
Temperature and Salinity 42.281 71.53% 
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The community structure was significantly different from all other months during 
August (Figure 2.8) and was homogeneous during November, December and January 
(Figure 2.8). 
2.4.3 Statistical Correlation of in situ  Data 
Three individual parameters, temperature, DIN, and DIN:Pi were significantly 
correlated with temporal variability in heterotrophic community structure (Table 2.3). A 
combination of temperature and DIN were the most influential parameters explaining 
72.3% of variability (Table 2.3). A second combination of parameters, temperature and 
salinity, was also strongly correlated explaining 71.5% of variability (Table 2.3).   
 
Figure 2.9 Dendogram visualizing clustering inferred from abiotic thresholds. Temporal 
variability in heterotrophic physiological community structure is segregated based on 
thresholds derived from binary division of significant abiotic predictor variables 
identified by DISTLM using LINKTREE. Each binary division A (red line), B (green 
line), or C (blue line) is significant (p ≤0.05) based on the SIMPROF test. The abiotic 
factor(s) accounting for clustering to the left are listed first, followed by the factor(s) 
accounting for the clustering to the right (in parenthesis). The B% indicates dissimilarity 
between grouping: the higher the B%, the greater the dissimilarity between the cluster. 
Figure 2.9 Dendogram visualizing clustering inferred from variability in heterotrophic
physiological community structure based on thresholds derived from binary division of
significant abiotic predictor variables identified by DISTLM using LINKTREE. Each 
binary division (A, B or C) is significant (p ≤ 0.05) based on the SIMPROF test. The
abiotic factor(s) accounting for clustering to the left are listed first, followed by the
factor(s) accounding for the clustering to the right (in parenthesis). The B% indicates
dissimilarity between grouping: the higher the B%, the greater the dissimilarity between 
the cluster (Chong et al. 2012).
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Thresholds among the abiotic parameters identified by DISTLM were used to 
statistically organize temporal variability in heterotrophic community structure (Figure 
2.9). Using the combination of temperature and DIN (Figure 2.9A), November was  
segregated (A) based on an in situ concentration of DIN (11.1 µmol L-1), higher than 
other months (all <2.4 µmol L-1). December and January were separated from March, 
April, May, June, August and October (B) based on having temperatures <14.6 °C. 
August was separated from March, April, May, June and October (C) because of a 
warmer temperature (29.6°C), and extremely low DIN concentration of 0.006 µmol L-1. 
Using the combination of temperature and salinity (Figure 2.9B), November was again 
segregated from all other months (A) based on salinity <10.5. Remaining temporal 
variability in relative heterotrophic abundance was associated with temperature as 
described above. Based on these results, August and November represented ‘extreme’ 
environmental conditions during the sampling period and these specific conditions were 
significantly related to shifts in microbial community structure. Therefore, although all 
sampling events included corresponding bioassays to access the heterotrophic response 
to nutrient enrichment, further analysis focused on August and November. 
 
 
 
 
Figure 2.10 Heterotrophic nutrient enrichment response (168-hours). % LNAB, MNAB, 
and HNAB in the total heterotrophic microbial community (average of all samples in 
168 hour incubation period in control, nitrogen (+N) and a combination of nitrogen and 
phosphorous (+N+P) enrichment treatments. (A) August 2013. (B) November 2013. 
Figure 2.10 Percent LNAB, MNAB and HNAB in the total heterotrophic microbial 
community based on an average of all samples taken for a 168 hour incubation period in 
control, nitrogen (+N) and a combination of nitrogen and phosphorous (+N+P) 
enrichment treatments. (A) Heterotrophic community response to nutrient enrichment in 
August 2013. (B) Heterotrophic community response to nutrient enrichment in November 
2013.  
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2.4.4 Heterotrophic responses to nutrient enrichment 
Heterotrophic responses to nutrient enrichment were compared using an average 
of all samples taken over the 168-hour incubation (i.e. 21 samples, 3 replicates for each 
24-hour interval) for the control, and enrichment treatments (N and a combination of N 
and P additions) in August and November (Figures 2.10 and 2.11). This initial analysis 
was conducted to examine the overall impact of nutrient enrichment on heterotrophic 
community structure throughout the 168-hour experiment. In August, the control  
 
 
 
Figure 2.11 ANOSIM of 168-hour nutrient enrichment responses. Histogram of the 
distribution of the ANOSIM R statistic when data are under permutation and test 
statistics for a one-way crossed test between the levels of factor: treatment (3 Levels, 
Control, +N, +N+P) in August and November. Analysis was conduced on all samples 
taken through the 168-hour incubation. Differences between levels were considered 
significant if the random permutations of the data achieving an R statistic greater than 
the actual (non-permuted real data) were <5 out of 9999 permutations (significance level 
0.05). 
 
 
 
heterotrophic community was composed of 60% LNAB, 37% MNAB and 3% HNAB 
(Figure 2.10A). When enriched with N, LNAB, MNAB and HNAB comprised 36%, 
49% and 15% of the heterotrophic community respectively (Figure 2.10A). When  
Figure 2.11 Histogram of the distribution of the ANOSIM R statistic when data are under 
permutation and test statistics for a one-way crossed test between the levels of factor 
treatment (3 Levels, Control, +N, +N+P). Analysis was conducted on all samples from 
each treatment taken through the 168-hour incubation. Differences between levels were 
considered significant if the random permutations of the data achieving an R statistic 
greater than the actual (non-permuted real data) R statistic were <5 out of 9999 
permutations (Significance level 0.05). (A) Differences in heterotrophic physiological 
community structure with nutrient enrichment in August. (B) Differences in heterotrophic 
physiological community structure with nutrient enrichment in November. 
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R Statistic 
Test Significance (%) 
Global R (Treatment) 0.01 
C vs. +N 0.01 
C vs. +N+P 0.01 
+N vs. +N+P 7.7 
Test Significance (%) 
Global R (Treatment) 16.1 
C vs. +N 16.1 
C vs. +N+P 16.8 
+N vs. +N+P 22.1 
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Table 2.4 Results of main and pair-wise PERMANOVA tests between two factors in 
August. Three levels of treatment (control, +N, +N+P) and seven levels incubation (24, 
48, 72, 96, 120, 144, and 168 hours) were examined. Significant results P(Perm) ≤ 0.05 
under >9999 permutations in the main tests indicate an interaction between the two 
factors (treatment and incubation). Shifts in heterotrophic community structure in 
response to nutrient enrichment were considered significant if p ≤ 0.05 under >9999 
permutations between the control and either +N or +N+P treatments. In cases where 
>9900 permutations were not possible a Monte Carlo value generated by random 
sampling of the asymptotic permutation distribution, was utilized. Differences were 
considered significant if p(MC) ≤ 0.05. 
Table 2.4 Results of main and pair-wise tests between two factors in August: treatment
(3 levels, control, +N, and +N+P) and incubation time (7 levels, 24, 48, 72, 96, 120, 144, 
and 168 hours). Shifts in heterotrophic community structure in response to nutrient
enrichment were considered significant if the P(Perm) ≤0.05 under >9900 permutations
between the control and either +N or +N+P treatments. In cases where >9900 
permutations were not possible, an approximate p-value (considered significant if ≤0.05) 
was determined using Monte Carlo random sampling of the asymptotic permutation 
distribution (Anderson et al. 2008).
!
PERMANOVA RESULTS August 
Main Test (>9900 Unique Permutations) 
Factor Degrees of Freedom Pseudo-F P(Permutation) 
Incubation 6 21.6 0.0001 
Treatment 2 29.5 0.0001 
Incubation x Treatment 12 6.8 0.0001 
Pairwise Test (Incubation x Treatment for levels of Treatment) 
Incubation  (Hours) Treatment P(MC) Unique Permutations 
24 C vs. +N 0.0218 10 
C vs. +N+P 0.0250 10 
+N vs. +N+P 0.0142 10 
48 C vs. +N 0.1274 10 
C vs. +N+P 0.0001 10 
+N vs. +N+P 0.1371 10 
72 C vs. +N 0.0047 10 
C vs. +N+P 0.0001 10 
+N vs. +N+P 0.0020 10 
96 C vs. +N 0.0591 10 
C vs. +N+P 0.0074 10 
+N vs. +N+P 0.2729 10 
120 C vs. +N 0.0009 10 
C vs. +N+P 0.0003 10 
+N vs. +N+P 0.5014 10 
144 C vs. +N 0.0358 10 
C vs. +N+P 0.0045 10 
+N vs. +N+P 0.0476 10 
168 C vs. +N 0.0038 10 
C vs. +N+P 0.1232 10 
+N vs. +N+P 0.0207 10 
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enriched with a combination of N and P, LNAB, MNAB and HNAB comprised 36%, 
40% and 24% of the heterotrophic community respectively. In November the control 
heterotrophic community was composed of 21% LNAB, 29% MNAB and 50% HNAB. 
When enriched with N, LNAB, MNAB and HNAB comprised 18%, 31% and 51% of 
the heterotrophic community respectively (Figure 2.10B). When enriched with N and P, 
LNAB, MNAB and HNAB comprised 16%, 26% and 58% of the heterotrophic 
community respectively (Figure 2.10B). The heterotrophic community structure shifted 
significantly when enriched by N and a combination of N and P in August (ANOSIM, 
Global R=0.295, Sig.= 0.01%) (Figure 2.11A) but did not in November (ANOSIM, 
Global R=0.019, Sig.= 16.1%) (Figure 2.11B). In both months, the difference between 
enrichment with N or a combination of N and P was not significant (Figure 2.11).  
The pattern of heterotrophic response to nutrients at 24-hour intervals within the 
168-hour experiment was further analyzed by pairwise Monte Carlo PERMANOVA 
tests. A significant interaction effect was observed between the treatment (C, N, NP) and 
incubation length (24, 48, 72, 96, 120, 144, and 168 hours) factors in August (Table 2.4). 
Significant differences between treatments were observed at all incubation lengths 
(Table 2.4). In November, significant differences between control and enriched 
treatments were observed after 96, 120 and 144 hours (Table 2.5). Variability was large 
between replicates of the N treatment at 48 and 96 hours in August, potentially 
compromising the detection of significant differences between treatments at those 
incubation lengths (Figure 2.12A). Significant differences between the enrichment 
treatments (N or a combination of N and P) were observed at 24, 72, 144 and 168 hours 
(Table 2.4). Individual heterotrophic groups responded to treatment differently through 
time. LNAB responded initially (24-48 hours), followed by MNAB and finally HNAB 
increased abundance after 72 hours (Figure 2.12A). In November, After 96 and 120 
hours enrichment with a combination of N and P caused increased HNAB abundance 
(Figure 2.12). Enrichment with N alone was not significantly different from the control 
at these time points supporting that phosphorous was the  
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Table 2.5 Results of main and pair-wise PERMANOVA tests between two factors in 
November. Three levels of treatment (control, +N, +N+P) and seven levels incubation 
(24, 48, 72, 96, 120, 144, and 168 hours) were examined. Significant results P(Perm) ≤ 
0.05 under >9999 permutations in the main tests indicate an interaction between the two 
factors (treatment and incubation). Shifts in heterotrophic community structure in 
response to nutrient enrichment were considered significant if p ≤ 0.05 under >9999 
permutations between the control and either +N or +N+P treatments. In cases where 
>9900 permutations were not possible a Monte Carlo value generated by random 
sampling of the asymptotic permutation distribution, was utilized. Differences were 
considered significant if p(MC) ≤ 0.05. 
Table 2.5 Results of main and pair-wise tests between two factors in November:
treatment (3 levels, control, +N, and +N+P) and incubation time (7 levels, 24, 48, 72, 96, 
120, 144, and 168 hours). Shifts in heterotrophic community structure in response to 
nutrient enrichment were considered significant if the P(Perm) ≤0.05 under >9900 
permutations between the control and either +N or +N+P treatments. In cases where
>9900 permutations were not possible, an approximate p-value (considered significant if
≤0.05) was determined using Monte Carlo random sampling of the asymptotic
permutation distribution (Anderson et al. 2008).
!
PERMANOVA RESULTS November 
Main Test (>9900 Unique Permutations) 
Factor Degrees of Freedom Pseudo-F P(Permutation) 
Incubation 6 152.1 0.0001 
Treatment 2 4.5 0.0127 
Incubation x Treatment 12 3.0 0.0049 
Pairwise Test (Incubation x Treatment for levels of Treatment) 
Incubation  (Hours) Treatment P(MC) Unique Permutations 
24 C vs. +N 0.5647 10 
C vs. +N+P 0.1944 10 
+N vs. +N+P 0.4960 10 
48 C vs. +N 0.2716 10 
C vs. +N+P 0.4121 10 
+N vs. +N+P 0.3007 10 
72 C vs. +N 0.7063 10 
C vs. +N+P 0.1457 10 
+N vs. +N+P 0.5948 10 
96 C vs. +N 0.2547 10 
C vs. +N+P 0.0055 10 
+N vs. +N+P 0.0454 10 
120 C vs. +N 0.1104 10 
C vs. +N+P 0.0007 10 
+N vs. +N+P 0.0135 10 
144 C vs. +N 0.0433 10 
C vs. +N+P 0.1918 10 
+N vs. +N+P 0.2518 10 
168 C vs. +N 0.3671 10 
C vs. +N+P 0.6701 10 
+N vs. +N+P 0.1856 10 
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Figure 2.12 nMDS ordinations of variability in heterotrophic physiological community 
structure in response to two factors, enrichment and incubation. Three nutrient 
enrichment levels (Control, +N, and +N+P) and seven incubation length levels (24, 48, 
72, 96, 120, 144, and 168 hours) were evaluated. Spearman correlations for each 
individual heterotrophic group to the overall variability in community structure are 
identified. Line length within the frame of reference circle represents the strength of the 
correlation and direction corresponds to a positive relationship. (A) Response patterns at 
24-hour intervals in August. (B) Response patterns at 24-hour interval in November. 
limiting factor (Table 2.5). After 144 hours significant enrichment with N was observed; 
however, because significance was not detected in the combined N and P treatment this 
may not be a reflection of nitrogen limitation (Table 2.5). Additionally, an incubation 
affect was clearly observed based on changes in the control and nutrient enriched 
replicates after 72 and 96 hours (Figure 2.12B). The impact of incubation was also 
observed in August, but differences were not as large as the responses stimulated by 
nutrient enrichment. 
2.5 Discussion 
Temporal dynamics in physiologically defined heterotrophic groups were 
significantly correlated to in situ nitrogen concentrations, temperature and salinity. 
Because salinity was included in the statistical analysis as a proxy for FWI, these results 
Figure 2.12 nMDS ordinations of variability in heterotrophic physiological community 
structure in response to two factors, nutrient enrichment (3 levels, Control, +N, and 
+N+P) and incubation time (7 Levels, 24, 48, 72, 96, 120, 144, and 168-hours). 
Spearman correlations for each individual heterotrophic group to the overall variability in 
community structure are identified. Line length within the circle represents the relative
strength of the correlation and direction corresponds to positive change. (A) Response
patterns at 24-hour intervals in August. (B) Response patterns at 24-hour intervals in 
November.
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suggest that episodic riverine input of nitrogen impacts estuarine heterotrophic microbes. 
Concurrent bioassays support that availability of inorganic nutrients can limit 
heterotrophic abundance and therefore influence the temporal carrying capacity of 
microbial heterotrophs in estuarine systems. In situ variability combined with the timing 
of significant responses to nutrient enrichment of different physiological groups within 
the heterotrophic assemblage is consistent with the hypothesis that fractions of the 
community utilize nutrients with strategies similar to specialists or generalists. 
Total abundance of heterotrophic cells followed expected temporal trends that 
were similar to a previous study reporting heterotrophic dynamics in an estuary with 
cytometric methods (55). In general total abundance was substantially higher at this 
station in Galveston Bay compared to a northern temperate estuary, Waquoit Bay, 
Massachusetts, which is most likely related to the temperature being consistently ≥2°C 
warmer in Galveston Bay. As examples, August and December had the temperature 
maximum and minimum in Galveston Bay and in both cases temperature and 
consequently abundances were higher than Waquoit Bay (1.19 x107 and 1.95 x106 cells 
mL-1 higher respectively).  
Temporal shifts in microbial heterotrophic physiological community structure 
(LNAB:MNAB:HNAB relative abundance) were significantly correlated to a 
combination of temperature and DIN concentration and/or a combination of temperature 
and salinity. Because heterotrophic variability was not significantly correlated to either 
TOC or DOC concentrations, it is predicted that carbon concentrations in the Trinity 
River Basin exceed heterotrophic requirements, potentially due to allochthonous carbon 
subsidies from the Trinity River. Without carbon control, heterotrophic requirements for 
inorganic nutrients could ultimately become limiting (15). 
In August, temperatures were at a maximum while DIN concentration was at a 
minimum, corresponding to a physiological community structure where LNAB 
dominated the microbial heterotrophs. Based on these results it is predicted that the 
warmer temperatures resulted in increased abundance of LNAB due to faster enzymatic 
reactions during heterotrophic processes, ultimately leading to the depletion of DIN in 
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the system and its consequent limitation of microbial heterotrophic abundance. The 
dominance of LNAB suggests that this fraction was able to outcompete higher nucleic 
acid containing fractions for DIN, which possibly indicating that they are more 
specialized to utilize this resource. In November, temperature was considerably lower 
and salinity was at a minimum but DIN concentration was at a maximum, resulting in a 
physiological community structure where MNAB and HNAB dominated. Based on these 
results it is predicted that a high FWI event supplied DIN to the system, alleviating 
nitrogen limitation and allowing the MNAB and HNAB fractions to be competitive in 
newly available alternative niches.  
August and November represented the maximum and minimum intensity of 
potential nitrogen limitation in the Trinity River Basin, which is reflected by the most 
extreme responses in the heterotrophic community. However, heterotrophic group 
response to 168-hours of enrichment (average of all samples per treatment) indicates that 
nitrogen limitation may occur consistently at this location. Significant (ANOSIM p≤ 
0.05) overall enrichment responses to nitrogen were observed in March, April, May, 
June, August, October, and January. In all of these cases, the shift in heterotrophic 
community structure was related to an increase in abundance of the relatively higher 
nucleic acid containing groups. The only exceptions are November (as described above) 
and December, when the coldest water temperatures were observed, suggesting that 
temperature is the primary factor controlling heterotrophic abundance at this location. 
Importantly, these relationships indicate that there are environmental thresholds of DIN 
concentration (At least >2.4 µmol L-1) that can potentially alter the heterotrophic 
processing of this substrate, which should likely be considered in future nutrient budgets 
for monitoring and management strategies. 
Direct comparisons to previous studies examining relative abundances of 
heterotrophic groups defined by nucleic acid content is difficult because in this study 
three distinct groupings were resolved, which has not typically been observed elsewhere. 
In two studies conducted in the coastal Gulf of Mexico continental shelf region, four 
heterotrophic groups were enumerated using cytometry (60,61). In both cases, higher 
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nucleic acid containing groups were positively correlated to surface Chl a concentration, 
suggesting a link between primary productivity and heterotrophic cells with increased 
nucleic acid content (60,61). These findings are supported by literature considering only 
two (LNAB and HNAB) fractions (56,90). Although a direct relationship to inorganic 
nutrient concentration was not targeted and consequently not observed, Bouvier et al.   
(56) suggests that while productivity is strongly correlated to the distribution of cells into 
different nucleic acid containing fractions, other abiotic and biotic factors are also 
expected to contribute.   
An evaluation of HNAB and LNAB dynamics has been conducted in the 
Waquoit Bay Estuary, a more comparable system to Galveston Bay (55). HNAB 
concentrations were greater than LNAB during May, June, July and December and were 
similarly abundant to LNAB in August and October. Contrastingly, in Galveston Bay, 
the LNAB contribution to total heterotrophic abundance was greater than HNAB and 
MNAB in all months except November. Moran et al. (55) specifically chose Waquoit 
Bay because they expected neither carbon nor inorganic nutrient concentrations to 
strongly impact heterotrophs under the eutrophic conditions there, allowing a focus on 
temperature controls. Therefore, it is possible that in the Waquoit Bay system nutrient 
replete conditions allow higher nucleic acid containing generalists to outcompete the 
specialists for the majority of the year, while in Galveston Bay the opposite is occurring. 
This is consistent with data from November in Galveston Bay when DIN concentrations 
were highest and both MNAB and HNAB abundance increased beyond the LNAB 
concentration. The comparison of these two studies highlights the importance for future 
analyses evaluating heterotrophic communities in estuaries to consider the 
environmental dynamics of the specific estuary of interest. 
The heterotrophic physiological community structure shifted significantly when 
examining all samples taken during 168-hours of incubation with inorganic nitrogen and 
a combination of nitrogen and phosphorous in August but not in November. Because 
there was no significant difference between enrichment treatments, it was interpreted 
that nitrogen was the primary limiting factor of heterotrophic microbes in August 
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supporting in situ observations. Average relative contributions of LNAB, MNAB and 
HNAB to the physiological community structure during the bioassay in August indicate 
that the addition of nitrogen stimulated the growth of MNAB and HNAB. The LNAB 
fraction constituted ~60% of the community in the control and between 30% and 40% in 
nutrient enriched treatments. These results agree with the hypothesis that having a 
smaller genome conveys a competitive advantage under nitrogen stress, but having a 
larger genome conveys a competitive advantage when nitrogen is no longer limiting 
(91). In addition, a comparison between control treatments where initial communities 
were dominated by LNAB in August (~60%) and HNAB in November (~50%) supports 
the interpretation of nutrient control on the in situ heterotrophic community. 
Heterotrophic physiological community structure responses to nutrient 
enrichment were also resolved at 24-hour intervals over the total 168-hour incubation. It 
is important to note that variability among three replicates within a nutrient enrichment 
treatment at certain time-points forced PERMANOVA results to not consistently support 
the overall visual patterns in nMDS ordinations. Although August was the only month 
shown to represent responses when in situ nitrogen limitation is expected, similar trends 
in heterotrophic group responses were observed in April and October, also months with 
relatively low in situ DIN concentrations (data not shown). In addition, the low stress of 
the nMDS suggests that the following interpretations are reasonable. Two important 
patterns in heterotrophic enrichment responses were observed in August. First, at certain 
time-points, significant differences existed between nutrient enrichment treatments (+N 
versus +N+P) when each individual treatment was also significantly different from the 
control. These findings indicate that inorganic nitrogen and phosphorous may actually 
co-limit heterotrophic abundance in August. Second, the different physiological fractions 
responded with different timing. Initially (24-48 hours) the LNAB abundance increased, 
followed by an increase in MNAB (42-72 hours) followed by an increase in HNAB after 
120 hours of incubation. These results support the possibility that the smaller genomes 
of LNAB are adapted to rapidly utilize nutrient resources while the relatively larger 
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genomes in MNAB and HNAB are less competitive under nutrient stress but can utilize 
a broader range of niches once nutrient limitations are alleviated.  
Two important patterns were also observed in November. First, a significant shift 
was observed in all treatments (control, +N, and +N+P) between 72 and 96 hours. This 
change is attributable to some effect on the assemblage from being incubated in a bottle 
termed “bottle enclosure effect” (92,93). The second important observation is a 
significant increase in the contribution of HNAB to the physiological community 
structure in +N+P enrichments after 96 and 120 hours. Because +N was not significantly 
different from the control but was significantly different from +N+P at these time points, 
it is predicted that phosphorous can limit HNAB abundance during high flow events, as 
observed in November in Galveston Bay. This finding also suggests that microbial 
heterotrophs with higher nucleic acid content may have a stronger relationship with 
inorganic nutrient limitation. This may be related to increased nutrient requirements of 
HNAB in order to support replication of a longer genome although the spatiotemporal 
variability in marine heterotrophic bacterial stoichiometry remains unresolved (71).  
Previous studies have evaluated inorganic nutrient limitation of total 
heterotrophic microbial communities using bioassay experimentation (15,17,70) and 
studies have examined the relationship of HNAB to LNAB in several marine systems 
(55,56,90). However, very few analyses have targeted relationships among inorganic 
nutrients and physiologically derived heterotrophic groups using flow cytometry, and 
most have focused on size (94). Joint et al. (17) concluded that nitrogen limitation of 
bacterial activity could exist in Isefjorden, Denmark, which supports the results 
presented herein. Increased bacterial activity and abundance were observed when 
glucose was combined with nutrient enrichment indicating that heterotrophic microbes 
were primarily carbon limited in the Fjord (17). Although a lack of correlation among 
heterotrophic microbes and in situ carbon availability was observed in Galveston Bay, 
the surface water concentration of DOC was highest in August (Table 2.2), which could 
have potentially shifted the limiting factor to DIN. Bioassays confirming carbon 
saturation for heterotrophs would be an interesting future expansion of the work 
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contained herein. Pinhassi et al. (70) observed temporal variability in phosphorous 
limitation of bacterial activity and growth rates in the coastal Mediterranean Sea. They 
also observed significant shifts in bacterial community composition with nitrogen and 
phosphorous enrichment using denaturing gradient gel electrophoresis fingerprinting. 
These results support temporal variability in heterotrophic nutrient limitation, and that 
nutrient enrichment can stimulate growth of certain members of the heterotrophic 
community in accordance with the observations made in Galveston Bay. Hitchcock and 
Mitrovic (15) performed bioassay experiments examining total bacterial community 
growth rates and activity in the Bega and Clyde River estuaries in NSW, Australia. 
Different factors were found to control heterotrophic bacteria between two estuaries and 
also during high versus low freshwater inflow periods. Carbon was the primary limiting 
factor regardless of freshwater inputs in the Bega River Estuary, while a shift between 
carbon limitation during low-flow events and phosphorous limitation during high-flow 
events was observed in the Clyde River Estuary (15). These findings support that 
freshwater inflow can alter carbon and nutrient availability impacting estuarine 
heterotrophic microbes. 
The results herein strongly support that groups of heterotrophic microorganisms 
that contain different levels of nucleic acid are limited differently by the availability of 
required inorganic nutrient substrates. Consequently, it is likely that these groups may be 
operating with fundamentally different ecological strategies where cells with higher 
nucleic acid content are more ecologically flexible than cells with lower nucleic acid 
content, similar to predictions made by Vila-Costa et al. (66). In addition, “streamlining 
theory” has recently been proposed hypothesizing that bacterial cells with small 
“streamlined” genomes that confer efficient nutrient use are selected for under nutrient 
limitation (91). It is important to note, that an ecological trade-off between heterotrophic 
size, which is positively correlated to nucleic acid content and susceptibility to predation 
has been reported, such that larger organisms are preferentially consumed (95). This 
study did not evaluate heterotrophic consumption but this process could have impacted 
the relative success of these heterotrophic groups. This important heterotrophic 
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connection to higher trophic levels emphasizes the need for further investigation on this 
topic in Galveston Bay, an estuary with large and developed fisheries (96,97). Future 
research efforts should continue to evaluate the potential of using heterotrophic 
microbial physiological traits to examine their ecology. The logical next step would be 
to combine molecular and cytometric approaches in order to potentially relate the 
genome, transcriptome and proteome to physiological characteristics of estuarine 
heterotrophic microbes. Eventually these data could be used to create a framework that 
could predict the temporal variability in the relationship between inorganic nutrients 
(and other controlling factors) and heterotrophic microbes, providing valuable 
information to estuarine policy and management strategy in order to maintain overall 
ecosystem health. 
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CHAPTER III  
NUTRIENT LIMITATION OF MARINE PICO- AND NANO- PLANKTON IN 
GALVESTON BAY, TEXAS 
3.1 Introduction 
A fundamental connection between nutrient cycles and marine microbial ecology 
is nutrient limitation of biological growth and activity associated with the rate of specific 
cellular processes (7,23,54). The stoichiometric ratios of microbial cellular materials 
vary among taxa due to evolutionary pressures and environmental conditions 
consequently shifting nutrient requirements (23,71,98,99). While the heterotrophic 
fraction of marine microbes is reliant on bio-available carbon to respire (13,16,54,100) 
both autotrophic and heterotrophic microorganisms are limited by the availability of 
inorganic nutrients (7,13). Several studies have shown that marine bacteria can compete 
with phytoplankton for inorganic nutrients (17,18,101). Particularly in estuarine systems, 
riverine inputs of allochthonous carbon can contribute to heterotrophic carbon 
requirements, possibly shifting these organisms into competition with phytoplankton for 
nutrients (15,102). Relationships between autotrophic and heterotrophic microbial 
plankton, and their impacts on nutrient utilization may dramatically effect pelagic 
nutrient cycling in estuaries. But little is known. 
The importance of size in nutrient uptake efficiency has previously been 
described (16,30,103). Smaller organisms with large surface area to volume ratios are 
capable of out-competing larger organisms for limiting resources, potentially giving 
heterotrophs a nutrient uptake advantage against larger autotrophic competitors (16). 
This study chose to focus on relationships between autotrophic and heterotrophic nano- 
and pico-plankton groups within the 0.2-20µm size fraction because physical constraints 
to nutrient uptake should be similar among these organisms, potentially influencing the 
competition dynamics for limited nutrients between them. Additionally these organisms 
are also typically within the same prey reservoir (104), and variability in top-down 
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control could impact competition for nutrients among pico and nano-plankton, ultimately 
playing a role in the outcome of estuarine microbial nutrient processing (34). 
Among potential carbon and nutrient limitations of microbial abundance, 
temperature can also play a significant role in determining the carrying capacity of 
marine microorganisms (105–107). Seasonal increases in temperature can lead to 
increased rates of enzymatic reactions and subsequent faster microbial metabolic 
processing (100). Previous studies have observed increased autotrophic and 
heterotrophic microbial growth rates in relation to increased temperatures (105,108). 
Importantly, seasonal variability in nutrient limitation is predicted to influence bacterial 
metabolic dependence on temperature and both temperature and nutrients are often 
collinear in relation to variability in pico-phytoplankton growth (105,108). Therefore, 
furthering the understanding of relationships between how different physicochemical 
factors interact to potentially limit microbial groups in estuaries is important. 
Despite several research initiatives examining the total phytoplankton 
community in Galveston Bay, to the authors’ best knowledge resident marine 
heterotrophic and autotrophic pico- and nano-plankton have not been extensively 
studied. The purpose of this study was to quantify microbial plankton in Galveston Bay, 
Texas in order to determine how abiotic factors regulate spatiotemporal variability in 
their abundance and the relative abundance of autotrophic versus heterotrophic fractions 
of the microbial community. The study was designed to target potential limitation in situ 
by correlating abiotic parameters to changes in abundance and validate these findings 
using in vitro mesocosm nutrient enrichment experiments. We hypothesized that the 
varying environmental conditions at an estuarine station controlled by influences from 
the Trinity River (GB1) compared to a station controlled by influences from the Gulf of 
Mexico (GB2) will have consequent impacts on different fractions of the resident 
microbial plankton. Specifically, that the autotrophic and heterotrophic fractions may 
respond to variations in nutrient availability in different ways due to spatial differences 
in nutrient limitation. Additionally, it is expected that under nutrient limiting conditions 
these fractions potentially compete for nutrient substrates.  
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3.2 Study Location 
The study location of Galveston Bay, Texas (Figure 2.1) is described in detail 
above (Section 2.2). The selection of two stations GB1 (29.70°N, 94.74°W) and GB2 
(29.35°N, 94.75°W) is based on previous research, which identified environmentally 
distinct regions in upper (GB1) and lower (GB2) Galveston Bay using hierarchical 
cluster analyses (75). Freshwater inflows (FWI) from the Trinity River were obtained 
from a USGS monitoring station (Trinity River at Romayer; USGS gauge 08066500). 
Antecedent flow (volume discharged, m3 s-1) was determined by taking an average of the 
volume discharged on the sampling date and the five previous days. This time frame was 
validated by preliminary tests showing microbial responses to nutrient enrichment within 
<5 days (data not shown).  
3.3 Methods 
3.3.1 Sampling Procedures 
Surface water samples (top 1 m) were obtained onboard the Phyto I at monthly 
intervals for 12 months from January 2013 to January 2014 at station GB1 and GB2. 
Poor weather conditions prevented sampling in July and September. In situ abiotic data 
were collected simultaneously to biological sampling each month as described in section 
2.3.1. In addition, Chlorophyll a (Chla) concentration was measured according to Arar 
and Collins (109).  
3.3.2 Bioassay Incubations 
Bioassays were conducted during March, April, May, June, August, October, 
November and December 2013 and January 2014 as described in section 2.3.2 except 
only control and +N+P enrichments were conducted (total of 6 carboys). Initial (in situ) 
and incubated water were sampled from each replicate carboy (i.e. in triplicate) at 0, 24, 
48, 72, 96, 120, 144 and 168 hours. For the purposes of this analysis, we compared 
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enriched treatment to the control using all data from the 168-hour incubation. Plankton 
isolation and storage were conducted as described in section 2.3.2.  
3.3.3 Flow Cytometry 
Flow cytometric methods were conducted as described above in section 2.3.3 
with the following modifications: for this analysis, the total heterotrophic and 
autotrophic fractions of microbial plankton were targeted. Heterotrophic and autotrophic 
cells were discriminated from each other and noise particles by applying Boolean gating 
(Figure 2.2) to a combination of bivariate logarithmic scale scatter plots (cytograms) of 
SYBR Green I, orange, and red fluorescence with the same caveats as described above 
(Section 2.3.3). 
3.3.4 Statistical Evaluation 
Analyses were performed using PRIMER V6.1.15 and PERMANOVA V1.0.5 
(87,88) as described above (Section 2.3.4) with the following modifications: strong 
initial linearity of microbial plankton abundance data was determined to require no 
transformation pre-statistical analysis (87,89). Significant in situ temporal variability in 
overall environmental conditions and total heterotrophic and autotrophic microbial 
plankton abundance were determined using type III partial sums of squares 
PERMANOVA main-test with unrestricted permutation for the fixed factor month (11 
levels, January, February, March, April, May, June, August, October, November and 
December of 2013 and January 2014) crossed with the fixed factor station (2 levels GB1 
and GB2). Hierarchical cluster (CLUSTER) and similarity profile (SIMPROF, 97% 
similarity, 9999 permutations) analyses were performed on combined biotic groups (both 
autotrophic and heterotrophic abundances) to evaluate temporal variability in the 
microbial community.  
Responses of microbial communities to enrichment with +N+P were evaluated 
each month by comparison to control treatments. Variability between levels of treatment 
by pair-wise PERMANOVA for fixed factors time-point (9 Levels, March, April, May, 
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June, August, October, November, December 2013, January 2014) crossed with station 
(2 Levels, GB1 or GB2) and crossed with treatment (2 Levels, control or +N+P) using a 
type-III partial sums of squares PERMANOVA design. This design was applied to data  
Table 3.1 Collinearity of abiotic parameters at GB1 and GB2. Spearman correlation ρ 
values between the temporal variability in individual abiotic parameters. None of the 
abiotic parameters included in this analysis had correlations ≥0.90, beyond the threshold 
of collinearity targeted herein, and therefore all parameters were included in subsequent
statistical evaluations.
 
 
for all levels of factor incubation length to effectively target the response of microbial 
community structure across 168 hours during mesocosm experimentation (i.e. all 
samples taken during the 168 hour incubation at 24 hour intervals). Shifts in microbial 
plankton abundance in response to nutrient enrichment over the 168 hour incubation 
were considered significant if the P(Perm) ≤0.05 under >9900 permutations (87). 
Visualization of microbial responses was achieved by subtracting the concentration 
(average abundance across the seven incubation times) for each group of cells 
(autotrophs or heterotrophs) within the control treatment from the nutrient enriched 
treatment (I.E. visualization is the average Δ between three control and three nutrient 
enriched treatments). 
Table 3.1 Spearman correlation ρ values between temporal variability in individual
abiotic parameters. None of the abiotic parameters included in the analysis had 
correlations r ≥0.90, beyond the threshold of co-linearity, and therefore were all included 
in subsequent statistical evaluations.
Tab  1 
Temperature Salinity Pi Total N Total P TSS DOC TOC FWI DIN DIN : Pi 
Temperature 
Salinity -0.04 
Pi 0.04 -0.58 
Total N 0.00 -0.87 0.51 
Total P 0.13 -0.74 0.86 0.76 
TSS 0.39 0.55 -0.17 -0.54 -0.30 
DOC 0.06 0.00 0.09 0.03 0.19 0.24 
TOC -0.27 -0.37 0.29 0.40 0.33 -0.56 -0.26 
FWI -0.30 -0.15 0.06 0.14 -0.03 -0.25 0.14 0.20 
DIN -0.41 -0.01 0.24 -0.18 -0.01 0.08 -0.06 -0.03 0.40 
DIN : Pi -0.01 0.42 -0.59 -0.50 -0.64 0.32 0.05 -0.38 0.34 0.44 
49 
3.4 Results 
3.4.1 In situ Abiotic Conditions 
Collinearity based on a threshold of |r| ≥0.90 was not detected among individual 
abiotic parameters included in this analysis of water conditions at station GB1 and GB2 
(Table 3.1). Combined abiotic parameters tested varied significantly between the two 
stations in Galveston Bay (Table 3.2). Yearlong data for each individual parameter were 
averaged and the values from GB2 were subtracted from values at GB1. These results 
indicated that lower temperature (-0.5 °C), salinity (-11.7), FWI (-374 m3 s-1), TSS (-
0.04 mg L-1), DOC (-2.3 mg L-1), DIN (-0.3 µmol L-1), and DIN:Pi (-3.0) were observed 
at station GB1 compared to GB2. Higher concentrations of Pi (1.4 µmol L-1), Total N 
(26.8 µmol L-1), Total P (2.1 µmol L-1) and TOC (5.2 mg L-1) were observed at station 
GB1 compared to station GB2.  
Table 3.2 PERMANOVA Main Test of temporal variability in abiotic parameters. Non-
parametric PERMANOVA results derived from Euclidean distances for combined 
individual abiotic parameters collected throughout a year at approximately monthly 
intervals (January, February, March, April, May, June, August, October, November, 
December 2013 and January 2014) from two stations GB1 and GB2 (Figure 2.1). 
Significant variability in environmental conditions was identified based on p ≤0.05. 
 
 
 
Significant temporal variability in environmental conditions existed at station 
GB1 (Table 3.2). The lowest salinity (10.1) was observed in November and the highest 
(20.7) in April (Figure 3.1A). These salinities correspond to a large FWI event (3758 m3 
Table 3.2 Non-parameteric PERMANOVA results derived from Euclidean distances for 
combined individual abiotic parameters collected throughout a year at ~monthly intervals
(January, February, March, April, May, June, August, October, November, December 
2013 and January 2014) fr m two stations GB1 and GB2 (Figure 2.1). Significant
variability in environmental conditions was identified based on P(Perm) ≤ 0.05.
Table 2 
PERMANOVA Main Test 
Abiotic Parameters (n=22) 
Factor df pseudo-f P(Perm) # Permutations 
Station 10 1.9 0.003 9852 
Timepoint 1 11.6 0.0006 9940 
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s-1) in November and at the end of prolonged lower FWI (<1050 m3 s-1) during February, 
March and April (Figure 3.1A). Two additional large FWI events were observed in 
January 2013 (10840 m3 s-1) and in June (3858 m3 s-1) (Figure 3.1A). The maximum TSS 
(0.11 mg L-1) was recorded in August and the minimum (0.02 mg L-1) in November. The 
highest concentrations of total N and P were observed in August (77.6 and 6.2 µmol L-1 
respectively) (Figure 3.1C). The lowest total N was recorded in February (38.8 µmol L-1) 
and of total P in January 2013 (1.9 µmol L-1) (Figure 3.1C). DIN ranged from (0.1 µmol 
L-1) in August to (11.1 µmol L-1) in November (Figure 3.1E). Pi ranged from (0.7 µmol 
L-1) in January 2014 to (5.0 µmol L-1) in October (Figure 3.1E). The ratio of DIN:Pi was 
highest (3.5) in January 2014 and lowest (0.01) in August (Figure 3.1E). Maximum TOC 
(32.3 mg L-1) occurred in February and DOC (17.3 mg L-1) occurred in August (Figure 
3.1G). Minimum recorded TOC (12.2 mg L-1) and DOC (5.5 mg L-1) occurred in June 
and April respectively (Figure 3.1G). Temperature ranged from 9.9°C in January 2013 to 
29.6°C in August (Figure 3.1G).  
Temporal variability in environmental conditions was also significant at station 
GB2 (Table 3.2). The lowest salinity (19.9) was observed in June and the highest (36.0) 
in August (Figure 3.1B). These salinities correspond to a large FWI event (6486 m3 s-1) 
in June and lower FWI (1284 m3 s-1) during August (Figure 3.1B). Two additional large 
FWI events were observed in January 2013 (10112 m3 s-1) and in November (2837 m3 s-
1) (Figure 3.1B). The maximum TSS (0.23 mg L-1) was recorded in August and the
minimum (0.02 mg L-1) in June (Figure 3.1B). The highest and lowest concentrations of 
total N were observed in June and August (48.9 and 19.5 µmol L-1 respectively) (Figure 
3.1D). The highest and lowest total P was recorded in November and August (2.3 and 
0.6 µmol L-1 respectively) (Figure 3.1D). DIN ranged from (0.2 µmol L-1) in May to (6.7 
µmol L-1) in January 2013 (Figure 3.1F). Pi ranged from (0.03 µmol L-1) in June to (1.7 
µmol L-1) in January 2013 (Figure 3.1F). The ratio of DIN:Pi was highest (11.3) in June 
and lowest (1.3) in May (Figure 3.1F). Maximum recorded TOC (22.1 mg L-1) occurred 
in January 2013 and DOC (39.7 mg L-1) occurred in February (Figure 3.1H). Minimum  
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Figure 3.1 Concentrations of individual abiotic parameters at stations GB1 and GB2. (A, 
B) Total suspended solids (TSS) concentration (mg L-1), Salinity, and volume of
freshwater inflow from the Trinity River (FWI, m3s-1). (C, D) Concentration of total 
nitrogen and phosphorous (µMol L-1). (E, F) Concentration of dissolved inorganic 
nitrogen (DIN), dissolved inorganic phosphorous (Pi) and the relationship of DIN:Pi 
(µMol L-1). (G, H) Temperature (°C), total organic carbon (TOC) and dissolved organic 
carbon (DOC) concentrations (mg L-1). 
Figure 3.1 Concentrations of individual abiotic parameters measured ~monthly i tervals
from January 2013 to January 2014 at station GB1 (A, C, E, G) or GB2 (B, D, F, H). (A, 
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recorded TOC (6.5 mg L-1) and DOC (3.8 mg L-1) occurred in August and April 
respectively (Figure 3.1H). Temperature was similar to observations at GB1 and ranged 
from 9.7°C in January 2013 to 30.2°C in June (Figure 3.1H).  
3.4.2 In situ Chlorophyll and Productivity 
Significant temporal and spatial variability in chlorophyll a concentrations and gross 
primary productivity occurred in Galveston Bay during the study (PERMANOVA Main-
test p≤ 0.01). At station GB1 the highest concentration of chlorophyll a (19.2 µg L-1) 
 
Figure 3.2 Total phytoplankton biomass and production parameters. Concentration of 
Chlorophyll a (µg L-1) is a proxy of phytoplankton biomass and rate of gross primary 
production (g C m3 d-1) indicates phytoplankton growth and activity. Measurements 
occurred at approximately monthly intervals from January 2013 through January 2014. 
Black boxes indicate months where significant shifts in heterotrophic and autotrophic 
microbial plankton were observed in response to enrichment with a combination of 
nitrogen and phosphorous. (A, C) Station GB1. (B, D) Station GB2. 
Figure 3.2 Concentration of Chlorophyll a (µg L-1) and rate of Gross Primary Production 
(g C m3d-1) measured at ~monthly ntervals from January 2013 to January 2014. Black 
boxes indicate months where significant shifts i  heterotrophic and utotrophic microbial
plankton were observed in response to enrichment with a combination of nitrog n a d 
phosphorous. (A, C) St tion GB1.  (B, D) Station GB2.
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was recorded in August (Figure 3.2A). Although this did not correspond to high rates of 
primary productivity, the second highest concentration of chlorophyll a (18.6 µg L-1) and 
the highest gross primary production rate (2.1 g C m3 d-1) were recorded in November 
(Figure 3.2A, C). At station GB2 the highest concentrations of chlorophyll a (20.3 µg L-
1) occurring in June (Figure 3.2B). Highest rates of gross primary productivity occurred
in May (0.90 g C m3 d-1) and June (0.89 g C m3 d-1) (Figure 3.2D). While the range in 
chlorophyll concentrations were similar at both stations, gross primary production was 
generally higher at GB1 than GB2 (Figure 3.2). 
3.4.3 In situ Microbial Plankton Abundance 
Significant spatial and temporal variability in autotrophic and heterotrophic 
abundance was observed (Table 3.3). At station GB1 autotrophic microbial abundance 
was highest during August (5.8 x106 cells mL-1) and lowest during December (1.2 x105 
Table 3.3 Variability in microbial abundance at GB1 and GB2. Non-parametric 
PERMANOVA results derived from Euclidean distances for individual microbial 
plankton groups (autotrophic or heterotrophic) collected throughout a year at 
approximately monthly intervals (January, February, March, April, May, June, August, 
October, November, December 2013 and January 2014) from two stations GB1 and GB2 
(Figure 2.1). Significant variability in environmental conditions was identified based on 
p ≤0.05. 
Table 3.3 Non-parameteric PERMANOVA results derived from Euclidean distances for 
individual microbial plankton groups (autotrophic or heterotrophic) collected throughout
a year at ~monthly intervals (January, February, March, April, May, June, August, 
October, November, December 2013 and January 2014) from two stations GB1 and GB2 
(Figure 2.1). Significant variability in environmental conditions was identified based on 
P(Perm) ≤ 0.05.
Table 3 
PERMANOVA Main Test  
Autotrophic Microbial Plankton n=66 
Factor df pseudo-f P(Perm) # Permutations 
Station 10 6.2 0.0001 9935 
Timepoint 1 45.4 0.0001 9832 
Station x Timepoint 10 4.8 0.0003 9945 
Heterotrophic Microbial Plankton n=66 
Factor df pseudo-f P(Perm) # Permutations 
Station 10 8.7 0.0001 9924 
Timepoint 1 147.5 0.0001 9848 
Station x Timepoint 10 5.8 0.0001 9934 
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cells mL-1) (Figure 3.3A). Heterotrophic abundance was similarly highest during August 
and lowest during December, 1.7 x107 cells mL-1 and 2.8 x106 cells mL-1 respectively 
(Figure 3.3A). At station GB2 autotrophic abundance was highest during March (4.1 
x106 cells mL-1) and lowest during December (1.5 x105 cells mL-1) (Figure 3.3B) while 
heterotrophic abundance was highest during November and lowest during February 3.4 
x106 cells mL-1 and 1.1 x106 cells mL-1 respectively (Figure 3.3B). At station GB1 
abundance of autotrophic and heterotrophic microbial plankton was 2.0 and 3.8 times 
higher respectively than at station GB2.  
Figure 3.3 Heterotrophic (blue) and autotrophic (green) microbial abundance (cells mL-
1) based on an average of three replicates. (A) Temporal variability at station GB1. (B)
Temporal variability at station GB2. 
Significant variability in the combined heterotrophic and autotrophic abundance between 
the two stations in Galveston Bay can also be observed (Hierarchical cluster p≤0.01, 
PERMANOVA, p=0.0001) (Figure 3.4A). Cluster derived groupings (Cluster A) 
indicated that relative microbial plankton abundance at station GB2 was statistically 
similar throughout the year and also similar to station GB1 in January, November and  
Figure 3.3 Heterotrophic (blue) and autotrophic (green) microbial abundance (cells mL-1) 
based on an average of three replicates. (A) Temporal variability at station GB1. (B) 
Temporal variability at station GB2.
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Figure 3.4 Variability in microbial abundance at GB1 and GB2. (A) Group average 
hierarchical cluster analysis. Black lines indicate internal multivariate structure in the 
data at a 97% similarity threshold (SIMPROF p ≤ 0.01). Red lines indicate a non-
significant result; i.e. samples are homogeneous. GB1 and GB2 are visualized by unique 
shapes; circles represent GB1, squares represent GB2. Time-points (months) are 
visualized by unique colors; bright green, bright blue, red, dark blue, yellow, purple, 
orange, pink, dark green, light blue and maroon represents January, February, March, 
April, May, June, August, October, November, December of 2013 and January of 2014 
respectively. (B) nMDS ordination of the variability in heterotrophic and autotrophic 
abundance. Spearman correlations for abiotic parameters identified by DISTLM are 
related to the overall variability in community structure by vectors. 
Figure 3.4 (A)!Dendogram of group average hierarchical cluster analysis based on 
heterotrophic and autotrophic abundance. Black lines indicate that there is internal 
multivariate structure i  the data at 97% similarity threshold (p ≤ 0.01) based on the 
SIMPROF test. Red lines indicate a non-significant test result; samples below these 
points are considered homogeneous. Two significantly different clusters were identified. 
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December of 2013 and January of 2014 (Figure 3.4A). At station GB1 relative microbial 
plankton abundance was similar during February, March, April, May, June, August and 
October of 2013 (Cluster B) (Figure 3.4A). 
A combination of temperature, DIN, Pi and TOC were identified as influential  
predictor variables associated with the changes in the relative abundance of average 
autotrophic and heterotrophic microbial plankton (DISTLM, BEST, AICc=654.59) 
explaining 81.3% of the natural variation (Figure 3.4B). The primary environmental 
variables separating Clusters A and B are the concentration of DIN and Pi while 
temperature and TOC explained variability within clusters based on orientation of 
spearman correlated vectors (Figure 3.4B). Temperature, DIN, Pi and TOC each 
explained 19.8, 14.6, 42.5 and 11.2% of variability in microbial abundance (DISTLM, 
Marginal Tests). However, only temperature and Pi were significantly correlated 
(DISTLM, Marginal Test, p≤0.05). Of the remaining predictor variables tested, salinity, 
TN, TP, and DIN:Pi were individually significantly correlated to variability in microbial 
plankton abundance (DISTLM, Marginal Test, p≤0.05) while TSS, DOC and FWI were 
not. 
3.4.4 In vitro Microbial Response to Nutrient Enrichment 
Significant shifts in relative microbial plankton abundance were observed in 
response to enrichment with both N and P (Figure 3.5). Here we show the average of all 
samples taken through the 168-hour incubation. Temporal changes in the relative 
contributions of heterotrophic and autotrophic fractions to the total microbial abundance 
with nutrient enrichment were observed by subtracting the control abundance from 
nutrient enriched abundance for both autotrophs and heterotrophs (Figure 3.5). At station 
GB1 significant shifts were detected based on increases in total cellular abundance in 
August (3.7 x106 cells mL-1), October (5.4 x106 cells mL-1) and November (6.3 x106 
cells mL-1) (Figure 3.5A). Microbial autotrophs dominated the responses in August and 
November representing 81.6%, and 60.7% of the total response respectively while 
microbial heterotrophs dominated the response in October, contributing 81.1% of the  
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total response. At station GB2, significant shifts in relative microbial plankton 
abundance were detected based on increases in total microbial abundance with nutrient 
enrichment observed in May (8.9 x106 cells mL-1), June (8.3 x106 cells mL-1), August 
(1.1 x107 cells mL-1) and October (2.7 x106 cells mL-1) (Figure 3.5B). Microbial 
heterotrophs dominated the significant responses to nutrient enrichment at station GB2 
comprising 100.0, 63.1, 94.5, and 89.6% of the total responses respectively.  
 
Figure 3.5 Autotrophic and heterotrophic nutrient enrichment response. Change in 
heterotrophic (blue) and autotrophic (green) microbial abundance (cells mL-1) based on 
an average of three replicates within a control treatment subtracted from replicates 
enriched with a combination of nitrogen and phosphorous. Black stars indicate months 
when significant shifts were detected between control and the nutrient enriched 
treatment. (A) Temporal variability at station GB1. (B) Temporal variability at station 
GB2. 
3.5 Discussion 
Combinations of abiotic factors limit pico- and nano- plankton abundance, 
potentially driving competitive relationships between autotrophic and heterotrophic 
fractions and also between organisms within this size fraction and larger primary 
producers. Data presented here suggest that trade-offs between temperature, nutrient 
Figure 3.5 Change in heterotrophic (blue) and autotrophic (green) microbial abundance
(cells mL-1) based on an average of three replicates within a control treatment subtracted 
from replicates enriched with a combination of nitrogen and phosphorous. Black starts
indicate months when significant shifts were detected between control and the nutrient
enriched treatment. (A) Temporal variability at station GB1. (B) Temporal variability at
station GB2.
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availability and potential biological competition co-limit fractions of the microbial 
community in different ways. Significant relationships between microbes and abiotic 
factors emphasize the potential importance of the microbial loop to nutrient cycling, 
which is still poorly understood.  
My finding that pico- and nano-plankton were not consistently limited by 
nutrient availability at station GB1 was not entirely surprising given that the Trinity 
River introduces pulses nutrient loaded freshwater (72,74,79). Significant mesocosm 
responses at this station in August and October correspond with lowest freshwater 
inflows and longest periods with no flows. Supporting this was in vivo DIN 
concentrations near or below detection limits and concurrently highest in situ total 
concentrations of cells (Figure 3.1E). I found nitrogen was limiting microbial plankton 
abundance consistent with previous studies (74,79). Contrastingly, low temperatures, not 
DIN or Pi limited populations in November (Figure 3.1E, G).  
At station GB2 significant positive shifts in pico- and nano-plankton after 
enrichment with nitrogen and phosphorous were observed in situ in May, August June 
and October (Figure 3.5B) suggesting that one or both of these nutrients limited 
abundances. Based on the environmental characteristics (Figure 3.1), I concluded that 
phosphorous was the limiting nutrient at this station. Additionally, only during warmer 
months when temperatures >20°C was a response to nutrient enrichment observed, 
suggesting again that temperature played a role in the capacity of microbes to utilize 
available nutrients at GB2 as was observed at GB1. 
Overall, higher total concentrations of cells were observed consistently at GB1 
compared to GB2. Previous research has shown that freshwater inflows from the Trinity 
River supplies nutrients to Trinity Bay, but that lower concentrations are often measured 
at GB2 consistent with a lack of freshwater influence at this station (74,75,79). These 
spatial differences appear to allow enhanced carrying capacity of pico- and nano-
plankton at the stations in upper Galveston Bay compared to the lower part of the Bay.  
I propose a step-wise spatiotemporal limitation, or co-limitation, of the microbial 
plankton in Galveston Bay beginning with temperature. Because temperature controls 
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enzymatic activities that regulate several microbial cellular processes, microbial 
plankton are expected to have temperature thresholds for activity and growth (100). 
Once the temperature threshold is reached, the availability of phosphorous limits 
microbial plankton populations, as evidenced by availability of DIN but lack of Pi at 
station GB2 where plankton abundance never exceeds (6.2 x105 cells mL-1). However, if 
Pi is available, as occurs at station GB1, then DIN becomes the limiting factor and 
microbial plankton abundance can increase up to 2.3 x107 cells mL-1 eventually 
depleting that resource. Finally, even when nutrients are abundant and temperature is 
predicted to limit microbial abundance  (e.g. in November), biological competition may 
cause microbial nutrient limitation. 
The relative contribution of autotrophic or heterotrophic plankton to significant 
nutrient enrichment responses varied through space and time. The significant response to 
nutrient enrichment in August and November at GB1 and June at GB2 was 
predominantly increases in autotrophic microbial plankton abundance. Correspondingly, 
in situ chlorophyll a concentrations were highest at these times indicating increased 
concentrations of total phytoplankton. I propose that when phytoplankton bloom in 
Galveston Bay, competition for limiting nutrients intensifies among microbial plankton 
and therefore shifts between fractions in response to nutrient enrichment are observed. 
To determine if the total phytoplankton population was also nutrient limited during 
August and November at GB1 and June at GB2, mesocosm data for chlorophyll a 
concentrations were also evaluated (data not shown). Chlorophyll a concentration was 
significantly increased relative to a control (Monte Carlo PERMANOVA, p≤0.01), 
suggesting that the total phytoplankton community was limited by either nitrogen or 
phosphorous or both. These results support that competition for limiting nutrients 
between macro- (>20µm) and micro- (<20µm) autotrophic plankton likely exists in 
Galveston Bay.  
During months when total phytoplankton abundance is low, heterotrophs 
contribute large proportions of the microbial plankton response to nutrient enrichment, 
indicating that the autotrophs were not nutrient limited. However, bloom induced stress 
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may intensify competition between heterotrophic and autotrophic fractions for nutrients. 
Therefore, the potential for autotrophic and heterotrophic pico- and nano-plankton 
competition for limiting nutrients is highest when autotrophic pico- and nano-plankton 
are also competing with larger phytoplankton during bloom events. Consequences of 
competition for nutrients during a bloom might subsequently influence the timing and 
potential efficiency of heterotrophic utilization of carbon impacting the microbial carbon 
pump (110). Additionally, how these relationships might impact nutrient cycling in 
Galveston Bay demonstrates the need for further detailed investigation.  
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CHAPTER IV  
SPATIAL VARIABILITY IN PICO- AND NANO-PLANKTON ABUNDANCE IN 
THE NORTHERN GULF OF MEXICO 
4.1 Introduction 
Microbial populations are ubiquitous and abundant in the sea (1,2). These 
organisms are characterized across all three domains of life and their immense diversity 
is reflected in significant contributions to many different marine processes (1,16). 
Microbes that constitute the smallest size fractions of plankton, pico and nano-plankton 
(0.2-20 µm), herein are defined as microbial plankton. This group includes dominant 
open ocean species (e.g. Synechococcus sp., Prochlorococcus sp.), which are believed to 
contribute >50% of biologically available carbon to oligotrophic systems (4). The 
conversion of inorganic carbon to biologically available organic carbon by autotrophic 
microbial plankton directly or indirectly fuels abundant heterotrophic organisms, 
contributing to multiple energy transfer pathways and food webs (1,14). Microbial 
cycling of fixed organic carbon in the euphotic zone is a major component of the 
biological pump and can ultimately alter the long-term sequestration of carbon in deep-
ocean or marine sediments (6). Therefore, understanding complex microbial 
contributions to varied marine processes is important and remains a salient directive of 
current oceanographic research (23,54,111). 
Marine microbial growth, production and activity are regulated by a variety of 
abiotic and biotic factors (54). Both autotrophic and heterotrophic marine microbial 
plankton have multiple cellular requirements for inorganic nutrients (23) and therefore 
limitations by single or multiple nutrients can contribute to overall microbial community 
dynamics (9,19). Although not exclusive, typical limiting nutrients of plankton in the 
ocean are nitrogen, phosphorous, iron and for some species silica (23). Identification of 
potential limiting nutrient(s) is important for understanding spatio-temporal controls on 
microbial communities (8,21,25). Microbial plankton dominance in oligotrophic regions 
is attributed to nutrient limitation prohibiting the growth of larger plankton or 
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alternatively as a recognized niche because autotrophic prokaryotic plankton cannot out-
compete larger phytoplankton in higher nutrient environments (16,30). Physical 
mechanisms, such as mesoscale circulation, have been proposed to supply limiting 
nutrients to the euphotic zone in oligotrophic waters potentially initiating planktonic 
responses of increased productivity and changes in community structure (28,112). 
Mesoscale (50-200 km in diameter) cyclonic, anti-cyclonic and mode-water 
circulation patterns have been observed throughout the global oceans (31) and can cause 
pycno-, thermo-, and nutri-clines to dome upward or downward, depending on the 
direction of circulation (31). In the Northern hemisphere, cyclonic and mode-water 
circulation are predicted to result in the upwelling of deeper water, supplying nutrients to 
the euphotic zone (31). Several research initiatives have been developed to evaluate 
mesoscale circulation impacts on biochemical processes (112). Diatom blooms were 
observed in the deep chlorophyll maximum in cyclone Opal formed leeward of the 
Hawaiian Islands in February 2005 (113) and in mode-water eddies in the North Atlantic 
Subtropical Gyre (NASG) (114). However, analysis of several cyclonic eddies in the 
NASG have shown a dominance of autotrophic prokaryotes at the deep chlorophyll 
maximum (28,114,115). Bibby et al. (28) propose that this discrepancy in the dominant 
plankton is caused by a difference in the availability of nitrate (NO3-) and silicate 
(Si[OH]4) supplied to the euphotic zone by upwelling in the NASG. Small microbial 
plankton can dominate the plankton community in cyclonic features when silicate is 
depleted relative to nitrate because diatoms require a 1:1 ratio (28). The tracer Si*, 
which is the relative abundance of silicate [Si(OH)4] – nitrate [NO3-], has been shown to 
accurately reflect the dominance of phytoplankton communities in different eddy types 
(28). 
In the Gulf of Mexico, mesoscale circulation associated with the Loop Current 
forms as the Caribbean Current enters the Yucatan Channel (116–119). Cyclonic and 
anti-cyclonic eddies are often shed from the Loop Current (116), and these features can 
persist for at least 1.3 to 9.6 months (119). Due to the narrowing of the continental shelf 
in the northeastern regions of the NGOM, mesoscale circulation interacts frequently with 
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coastal shelf waters, including entrainment that can transport shelf water up to 300 km 
seaward (120–122). This is particularly important in the region of the Louisiana/Texas 
continental shelf slope where the Mississippi River and Atchafalaya River freshen and 
increase nutrient concentrations in continental shelf waters (121,123). Dorado et al. 
(124) examined phytoplankton, zooplankton and the N2 fixing cyanobacterium 
Trichodesmium spp. isotopic ratios to evaluate the contribution of different nitrogen 
sources to primary productivity across a low salinity (<32) freshwater plume and anti-
cyclonic circulation NGOM feature. Their findings reveal influences from the 
Mississippi River system and N2 fixation impact pelagic food webs in the NGOM (124). 
It is predicted that upwelled nutrients from circulation combining with coastal water will 
increase nutrient availability and promote primary production (123,125). Hence, 
determining the impact of combined physicochemical coastal and open ocean influences 
on microbial plankton in the NGOM is important. 
The study described herein uses flow cytometry derived quantification and 
characterization of microbial plankton across mesoscale circulation features of the 
NGOM. We hypothesize that variability in community composition is linked to the 
dynamic physicochemical conditions in the NGOM. Flow cytometry methods allow 
physiological (trait) based grouping of microorganisms and have recently been 
combined with multivariate statistical approaches to provide significant and important 
insights on changes in relative abundance of microbes and their potential ecological 
functions (36,52,126,127). These data establish a baseline to understand and predict the 
role of NGOM cyclonic circulation to influence microbial plankton abundance and drive 
microbial plankton dominance, which can be used to examine potentially significant 
impacts on higher order consumers and carbon dynamics.   
4.2 Study Location 
A survey of microbial plankton (0.2-20 µm) was conducted in the NGOM during 
a research cruise from 18 July to 22 July 2012 onboard the RV Blazing Seven. Thirteen  
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Figure 4.1 Map of the Gulf of Mexico. Sea surface height anomaly (SSH) (cm) is 
represented. Cyclonic features are represented by cooler colors indicating negative SSH 
while the anti-cyclonic loop current is represented by warmer colors indicating positive 
SSH. Black dashed lines delineate contours of similar SSH at intervals of 10 cm. 
Transect 1 and 2 are highlighted in red lines. 
stations were sampled along 27°N and 28°N (Transect 1 and 2 respectively; 26 total) 
running west to east from 88°- 91°W (Figure 4.1). These transects intersected cyclonic 
eddies and the anti-cyclonic Loop Current (Figure 4.1). The sea surface height anomaly 
(SSH) map for 20 July 2012 represents approximate conditions throughout the cruise. 
Figure 4.1 Map of the Gulf of Mexico. Sea surface height anomaly (SSH) (cm) is
represented. Cyclonic features are represented by cooler colors indicating negative SSH
while the anti-cyclonic loop current is represented by warmer colors indicating positive
SSH. Black dashed lines delineate contours of similar SSH at intervals of 10 cm. Transect
1 and 2 are highlighted in red lines.
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The map was generated from the Colorado Center for Astrodynamics Research 
(http://eddy.colorado.edu/ccar/data_viewer). We used satellite derived SSH data to 
predict the locations of mesoscale features with the understanding that there are inherent 
limitations to the resolution of circulation using this method. For example, satellite 
remote sensing of SSH does not provide information on vertical variability in eddy 
parameters through the water column, and cannot currently resolve rapid or small-scale 
(<100km) spatial changes (128). Sea surface temperature (°C) (SST) was measured with 
a calibrated Conductivity Temperature Depth (CTD) sensor and salinity (unitless 
practical salinity scale) was determined with a calibrated Sonde 6920 Environmental 
Monitoring System (YSI Inc.). 
4.3 Methods 
4.3.1 Sample Collection and Preservation 
Seawater samples were collected from the surface (top 1 m) and depth (~30 m) 
into 20 L carboys and processed immediately. All sampling equipment was cleaned with 
distilled water between stations and rinsed with sample water three times. Seawater was 
passed through a 20 µm mesh-size sieve and stored in sterile 50 mL conical tubes 
containing 0.2 µm filtered paraformaldehyde and molecular biology grade 
gluteraldehyde at final concentrations of 1% and 0.01% respectively (85), and all 
samples were stored at -20°C and maintained frozen until processing for flow cytometry. 
The preservation method employed herein considered previous reports that storage 
temperature (4°C or flash freezing to -80°C) had little effect on cells loss or histogram 
visualization (85) and that these biases were reduced when combining both 
paraformaldehyde and gluteraldehyde as fixatives (62). 
4.3.2 Nutrient Concentration Determination 
Determination of dissolved nutrient concentrations was achieved by filtering 
seawater (50 mL) through a 0.7 µm glass fiber filter (Whatman, Kent, UK), and the 
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filtrate was stored in sterile centrifuge tubes at -20°C until processing. The Texas A&M 
University Geochemical and Environmental Research Group determined concentrations 
of nitrate (NO3- ), nitrite (NO2-), ammonium (NH4+), phosphate (Pi –inorganic pool), 
silicate (Si), and urea from each water sample using an auto-analyzer (Astoria-Pacific, 
Clackamas OR) according to (Koroleff, 1999). Resulting concentrations were quality 
checked against replicated standards and were significantly correlated (r ≥ 0.99). The 
tracer Si* was calculated by subtracting nitrate [NO3-] from silicate. The ratio of 
dissolved inorganic nitrogen (DIN) to phosphate (PO4-P) was calculated after summing 
the dissolved nitrogen inputs (DIN = NO3- + NO2 +NH4+). 
4.3.3 Flow Cytometry 
Heterotrophic and autotrophic microbial plankton groups were resolved using 
SYBR Green I staining procedures modified from (86) on a GalliosTM 3-laser flow 
cytometer (Beckman Coulter, Brea, CA). Aliquots of preserved sample were stained 
with 1/1000 diluted 10000X concentrated SYBR Green I (Invitrogen, Carlsbad, CA). 
SYBR Green staining and persistent fluorescence was enhanced by the addition of 
potassium citrate (30 mmol L-1 final concentration) to each sample (86). Samples were 
incubated in the dark at ~60°C for 15 min. based on preliminary experiments which 
indicated increased binding efficiency of SYBR Green I at that temperature for the 
Gallios cytometer (data not shown). Internal size (10 µm) and enumeration (973 beads 
µL-1) standard flow count fluorophores were added to each sample tube post incubation 
(Beckman Coulter, Brea, CA.). Particles were isolated within IsoFlow sheath fluid 
(Beckman Coulter, Brea, CA) and were exposed to 488 nm and 638 nm excitation by 
lasers and fluorescence was evaluated. Chlorophyll a emission was collected through a 
695 nm band-pass filter ± 15 nm targeting its emission maximum of 667 nm. SYBR 
Green I emission was collected through a 525 nm band-pass filter ± 15 nm targeting its 
emission maximum of 522 nm. Phycoerythrin emission was collected through a 575 
band-pass filter ± 15 nm targeting its emission maximum of 576 nm. Phycocyanin 
emission was collected through a 660 nm band- pass filter ± 15 nm targeting its emission 
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Figure 4.2 Histogram of heterotrophic particle count. The spectrum of SYBR Green I 
fluorescence (x-axis, plotted on a logarithmic scale) was used to classify heterotrophic 
cells in to physiological groups. The delineation between relatively lower nucleic acid 
containing bacteria (blue) and relatively higher nucleic acid containing bacteria (green) 
is marked by a black dashed line. 
 
 
 
maximum of 642 nm. Samples were analyzed for 5 min. at a flow rate of 4-8 µL min-1 
discriminating on SYBR Green I fluorescence. Data analysis was conducted using 
Kaluza Cytometry Analysis software (Version 1.2 Beckman-Coulter, Brea, CA).  
Autotrophic and heterotrophic cells were discriminated using Boolean gating on 
a combination of bivariate scatter plots (cytograms) or histograms with parameters 
including SYBR Green I, orange, and red fluorescence. Cells were grouped by similarity 
in physiological characteristics on the basis of previously reported thresholds observed 
in the environment and culture verification (51,61,62,86,129,130). Heterotrophs were 
separated into high nucleic acid containing bacteria (HNAB) and low nucleic acid 
containing bacteria (LNAB) corresponding to their nucleic acid content resolved with 
SYBR fluorescence (Figure 4.2) (60,61). We used nomenclature of A1-A5 for the 5 
physiologically unique autotrophic groups (Figure 4.3A, B and C). Based on earlier 
studies (61,86,130), we can say the microbial plankton in this study are most likely  
Figure 4.2 Histogram of particle count (y-axis) across the spectrum of SYBR Green I 
fluorescence (x-axis, plotted in a logarithmic scale) classified as heterotrophic cells using 
flow cytometry. The delineation between relatively lower-nucleic acid containing 
bacteria (blue) and relatively higher nucleic acid containing bacteria (green) is marked by 
a black dashed line. 
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Figure 4.3 Identification and quantification of autotrophic groups. (A, C, E) Cytograms 
visualizing autotrophic groups of similar physiological characteristics. Colored lines 
represent percentage of total count. Mean relative phycocyanin (x-axis) and 
phycoerythrin (y-axis) fluorescence for groups is given in parentheses. Thresholds to 
segregate groups are visualized as black dashed lines. Group A1 was defined by mean 
values (<10, <6), group A2 (>10, <6), A3 (<10, >6), A4 (>10, >6) and A5 (>10, >10) of 
phycocyanin and phycoerythrin respectively. (B, D, F) Relative proportion of groups 
defined using cytograms or histograms (Fig. 2). A representative is shown for each of 
three significantly different microbial signatures. 
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Prochlorococcus (A1), Synechococcus groups lacking or containing different 
concentrations of phycourobilins and pico-eukaryotic algae (A2-A5). However, 
taxonomic verification with molecular methods was not possible for the current study. 
Hence, we do not provide specific taxonomic identifiers as suggested in the recent 
reviews by (49,52) which detail both cautions and caveats of flow cytometry methods. 
To quantify abundance (cells mL-1), the volume of each sample measured during flow 
cytometry was calculated by dividing the number of beads counted by the number of 
internal beads (uL-1) in the sample, and sample particle counts were divided by the 
calculated volume. To subtract background and noise, an aliquot of each sample was 
filtered through a 0.2 µm sterile syringe filter (VWR, Radnor, PA) and processed 
immediately following each sample.  
 
4.3.4 Statistical Evaluation 
Analyses were performed using PRIMER V6.1.15 and PERMANOVA V1.0.5 
software (87,88). All data were evaluated by draftsman plots in order to select 
appropriate transformation procedures and eliminate collinear variables. Non-collinear 
variables included in the analysis had correlations |r| ≤ 0.90, a more stringent threshold 
than |r| ≤ 0.95 as suggested by (87) in order to further reduce potential model bias while 
maintaining high resolution of variability within individual parameters. Transformation 
selections were further validated by comparison to both un-transformed data and data 
exposed to other transformation processes (Figure 2.4). In situ multivariate biotic data 
were transformed by log (1+y) in order to down-weigh the effects of a single group on 
the ordination and increase the contribution of rare groups (88). All biological 
abundance data were analyzed using Bray-Curtis resemblance matrices as is 
recommended for data sets that include zeros that potentially have ecological meaning. 
In situ multivariate abiotic environmental data for SST (°C), SSH (cm), salinity, 
nutrients (µmol L-1) and ratios were square-root transformed in order to decrease 
skewness and increase linearity (88). Transformed environmental data were then 
normalized to account for differences in units of measurement and analyzed using 
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Euclidean distance resemblance matrices. Significant variability in combined abiotic 
parameters from each station were evaluated by Type III PERMANOVA main tests with 
unrestricted permutations of data. Principal coordinates ordinations were used to 
visualize similarities and dissimilarities in environmental conditions among stations. The 
largest Eigenvalue among factors identified the abiotic parameter most significantly 
correlated to each principal component (87).   
 Hierarchical cluster (CLUSTER) and similarity profile (SIMPROF, 97% 
similarity 9999 permutations) analyses were performed to cluster stations that had 
similar microbial community abundance and composition. Significant differences in 
community structure were identified between the clusters by SIMPROF and verified by 
subsequent PERMANOVA pairwise tests (data not shown). Dendrograms were used to 
visualize statistical variability across stations. Non-parametric multi-dimensional scaling 
(nMDS) ordinations were used to visualize similarities and dissimilarities in microbial 
abundance and community composition among clustered stations. The nMDS two-
dimensional representation is considered acceptable for visual interpretations when the 
stress is less than 0.1 (88).  
 In order to quantify the relationship between measured environmental parameters 
and microbial community variability, predictor variables were identified using distance-
based linear modeling (DISTLM). Models were generated using all possible 
combinations of predictor variable inputs with the “BEST” selection technique in 
PERMANOVA and both the Akaike information criterion corrected (AICc) and 
Bayesian information criterion (BIC). The top 10 models selected by each criterion test 
were plotted and overlapping models with the lowest AICc and BIC were considered 
(87,88). The amount of variability in microbial community abundance and structure 
explained by environmental predictor variables identified by the model was quantified 
within DISTLM. Relationships between environmental predictor variables or nutrient 
availability and microbial communities were visualized using nMDS ordinations and 
Spearman derived correlated vectors and corresponding maps of specific predictor 
variable values.  
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4.4 Results 
4.4.1 Study Area Environmental Conditions 
Transect 1 at 27°N (stations 1-13) included areas of negative SSH consistent with 
cyclonic circulation and positive SSH consistent with anti-cyclonic circulation 
associated with the Loop Current (Figure 4.1). Transect 2 at 28°N (stations 14-26) also 
included an area of pronounced negative SSH consistent with a cyclonic feature (Figure  
Table 4.1 Physical and chemical parameters in surface samples (top 1m) at stations 
across transect 1 and transect 2. 
 Table 4.1 Physical and chemical parameters in surface samples (top 1m) at stations
across transect 1 and transect 2.!
Station Temperature°C 
Salinity 
(ppt) 
NO3-  
(µg L-1) 
HPO42+ 
(µg L-1) 
SiO2  
(µg L-1) 
NH4+  
(µg L-1) 
NO2-  
(µg L-1) 
Urea  
(µg L-1) 
SSH
(cm) Si* N:P 
1 29.96 38.51 0.02 0.04 0.03 0.03 0.01 0.02 3.38 0.05 1.31 
2 30.60 39.08 0.04 0.10 0.06 0.00 0.01 0.05 2.60 0.05 0.52  
3 30.98 39.28 0.06 0.10 0.03 0.01 0.00 0.01 1.97 0.01 0.74 
4 30.24 38.93 0.02 0.05 0.03 0.03 0.01 0.01 2.29 0.05 1.08 
5 30.08 39.16 0.05 0.10 0.03 0.03 0.00 0.03 4.13 0.02 0.77 
6 30.03 39.09 0.03 0.09 0.04 0.01 0.00 0.01 7.81 0.05 0.41 
7 30.08 38.69 0.02 0.09 0.04 0.02 0.00 0.00 14.40 0.06 0.43 
8 30.46 39.20 0.03 0.08 0.05 0.01 0.00 0.00 23.75 0.06 0.47 
9 30.42 38.94 0.04 0.07 0.04 0.05 0.01 0.02 34.20 0.04 1.36 
10 30.53 38.80 0.02 0.08 0.06 0.01 0.00 0.00 43.66 0.07 0.38 
11 30.14 39.00 0.03 0.09 0.06 0.01 0.00 0.00 49.64 0.07 0.42 
12 29.91 38.69 0.02 0.09 0.05 0.03 0.00 0.01 49.42 0.06 0.57 
13 29.68 39.54 0.03 0.06 0.04 0.02 0.00 0.01 49.36 0.05 0.76 
14 29.72 39.58 0.03 0.09 0.05 0.03 0.01 0.01 20.43 0.06 0.79 
15 29.68 39.13 0.04 0.08 0.03 0.04 0.01 0.04 20.84 0.03 1.05 
16 29.48 39.10 0.02 0.08 0.03 0.05 0.01 0.02 19.46 0.04 1.13 
17 29.59 39.19 0.03 0.09 0.02 0.04 0.01 0.01 16.20 0.03 0.86 
18 29.64 39.04 0.03 0.08 0.01 0.02 0.01 0.00 13.04 0.01 0.76 
19 28.99 38.05 0.02 0.09 0.05 0.01 0.00 0.00 11.14 0.06 0.42 
20 28.19 35.40 0.04 0.12 0.04 0.03 0.01 0.08 10.24 0.03 0.68 
21 29.22 36.69 0.03 0.09 0.05 0.05 0.00 0.04 10.33 0.05 0.98 
22 29.24 36.14 0.02 0.09 0.03 0.03 0.00 0.00 11.07 0.04 0.62 
23 30.33 37.43 0.05 0.13 0.02 0.08 0.01 0.09 11.84 0.00 1.05 
24 29.86 37.16 0.02 0.09 0.04 0.01 0.00 0.01 12.19 0.05 0.38 
25 30.02 37.59 0.04 0.11 0.08 0.04 0.00 0.05 12.38 0.07 0.82 
26 30.16 38.13 0.02 0.10 0.05 0.01 0.00 0.00 12.45 0.07 0.28 
Table 1 
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observed from stations 19-26 (Table 4.1); at the remaining surface stations and all 
stations at depth (~30 m) salinity was on average >39. 
Table 4.2 Correlations among abiotic parameters at ~1m depth as identified by 
draftsman plots of pairwise combinations of each parameter (PRIMER). None of the 
abiotic parameters include in the analysis were collinear based on the |r| ≥ 0.90 
threshold. 
 
 
Table 4.3 Correlations among abiotic parameters at ~30m depth as identified by 
draftsman plots of pairwise combinations of each parameter (PRIMER). None of the 
abiotic parameters include in the analysis were collinear based on the |r| ≥ 0.90 
threshold. 
 
Table 4.2 Correlations between abiotic parameters at ~1m depth as identified by 
draftsman plots of pairwise combinations of each parameter (PRIMER). Co-linearity 
threshold was set at r ≥ 0.90 (Clarke, 2001).
!
Temp. Salinity NO3- HPO4-2 SiO2 NH4+ NO2- Urea SSH Si* N:P 
Temp. 
Salinity 0.60 
NO3- 0.14 -0.03 
HPO4-2 -0.12 -0.43 0.53 
SiO2 0.09 -0.03 -0.17 0.05 
NH4+ -0.28 -0.26 0.29 0.11 -0.34 
NO2- -0.34 -0.07 0.21 -0.11 -0.41 0.56 
Urea -0.22 -0.41 0.65 0.36 -0.07 0.58 0.57 
SSH -0.02 0.21 -0.24 -0.05 0.34 0.01 -0.29 -0.28 
Si* -0.12 0.03 -0.70 -0.36 0.76 -0.42 -0.34 -0.43 0.36 
N:P -0.03 0.08 0.37 -0.35 -0.36 0.72 0.73 0.59 -0.21 -0.40 
Supplemental Table 1 
Table 4.3 Correlations between abiotic parameters at ~30m depth as identified by 
draftsman plots of pairwise combinations of each parameter (PRIMER). Co-linearity 
threshold was set at r <0.90 (Clarke, 2001).
!
Salinity NO3- HPO4-2 SiO2 NH4+ NO2- Urea SSH Si* DIN:P 
Salinity 
NO3- -0.33 
HPO4-2 -0.10 0.50 
SiO2 -0.38 0.41 0.42 
NH4+ -0.25 0.64 0.18 -0.09 
NO2- 0.17 0.41 0.17 -0.35 0.71 
Urea -0.21 0.77 0.49 0.14 0.70 0.64 
SSH -0.43 -0.06 0.00 0.49 -0.19 -0.43 -0.30 
Si* 0.10 -0.58 -0.09 0.42 -0.74 -0.71 -0.65 0.43 
N:P -0.13 0.45 -0.39 -0.31 0.78 0.59 0.48 -0.24 -0.69 
Supplemental Table 2 
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All measured abiotic factors were included in principal coordinates and DISTLM 
analyses because none had correlations |r| ≥ 0.90 indicating lack of collinearity (Tables 
4.2 and 4.3). Abiotic factors varied significantly at both surface (PERMANOVA 
P=0.0001) and depth (PERMANOVA P=0.0001) (Table 4.1). SSH, SST, Si* and Si  
were greater when DIN: P, NO3-, NO2-, NH4+, and Urea were lower in water samples 
measured across both transects (Figure 4.4). The concentrations of NO3-, NO2-, NH4+, 
and Urea at the surface were on average 1.2 times higher at stations with negative (-10 to 
-30 cm) SSH and on average 0.2°C lower SST (Figure 4.4A) consistent with typical 
cyclonic circulation features. Typically, SST was on average 0.4°C higher at stations 
with positive (~10 to 30 cm) SSH (Table 4.1). Si was also on average 1.3 times higher at 
stations with positive (~10 to 30 cm) SSH conditions (Table 4.1). At depth, temperature 
was not recorded (Table 4.4); however, concentrations of NO3-, NO2-, NH4+, and Urea 
were on average 1.2 times higher at stations with negative (~-10 to -30 cm) SSH 
consistent with surface evaluations (Figure 4.4B). Additionally, Si concentration was on 
average 1.4 times higher at stations with positive (~10 to 30 cm) SSH (Figure 4.4B). 
4.4.2 Distribution of Microbial Abundance 
Autotrophic cellular abundance (combined A1-A5 cells mL-1) ranged from 9.1 
x104 – 4.2 x105 cells mL-1 at the surface and 3.0 x104 – 3.2 x105 cells mL-1 at depth. No 
significant difference (SIMPROF, p ≥ 0.01) in autotrophic abundance was detected 
horizontally (between the stations) at either the surface or at depth. Vertically, 
significantly higher concentrations of autotrophic cells were present in the surface waters 
than at depth (PERMANOVA, p = 0.004). Heterotrophic cellular abundance (combined 
LNAB and HNAB cells mL-1) ranged from 1.7 x105 – 1.1 x106 cells mL-1 at the surface 
and 2.0 x105 – 1.5 x106 cells mL-1 at depth. No significant difference (SIMPROF, p ≥ 
0.01) in heterotrophic abundance was observed horizontally (between the stations) at 
either the surface or at depth. There was no significant vertical variability in 
heterotrophic concentration (PERMANOVA, p = 0.521). 
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Figure 4.4 Principle coordinates ordinations visualizing the variability in measured 
abiotic conditions across 26 stations. Spearman correlations for each abiotic parameter to 
the overall variability in environmental conditions at all stations are identified. Line 
length within the frame of reference circle represents the relative strength of the 
correlation and direction corresponds to positive change. (A) 54.9% of the variability in 
abiotic conditions is represented in two dimensions for surface-water samples. Spearman 
correlation was strongest between PCO1 and Si* |r| =0.82 and PCO2 and salinity |r| 
=0.68. (B) 68.7% of the variability in abiotic conditions is represented in two dimensions 
for deep-water samples. Spearman correlation was strongest between PCO1 and Si* |r| 
=0.86 and PCO2 and salinity |r| =0.87. 
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Significant variability in abundance of any individual group was not detected 
horizontally across surface (SIMPROF, p ≥ 0.01) or deep stations (SIMPROF, p ≥ 0.01). 
Ranges in horizontal spatial distribution of individual groups are given for surface 
(Table 4.5) and depth (Table 4.6). Autotrophic group A1 ranged in abundance from 4.5 
x104 – 2.0 x105 cells mL-1 at the surface and 5.3 x104 – 2.5 x105 cells mL-1 at depth. 
Autotrophic group A2 ranged in abundance from below detection limit (BDL) – 1.7 x105
cells mL-1 at the surface and was BDL throughout the sampling region at depth.  
Table 4.4 Total abundance (cells mL-1) of autotrophic (A1-A5) and heterotrophic 
(LNAB/HNAB) microbial groups for all stations sampled at the surface (~1m). 
Table 4.5 Total abundance of autotrophic microbial plankton groups A1-A5 and 
heterotrophic microbial plankton groups LNAB and HNAB per milliliter of seawater for 
all stations sampled at the surface (~1m).!! !
Station Microbial  Signature LNAB HNAB A1 A2 A3 A4 A5 
1 2 1.16x 105 2.42x 105 8.23x 104 BDL 3.43x 104 4.34x 103 1.89x 104 
2 2 2.44x 105 2.61x 105 8.74x 104 BDL 2.79x 104 4.04x 103 2.05x 104 
3 2 2.27x 105 1.70x 105 9.85x 104 BDL 5.39x 104 1.39x 103 2.26x 104 
4 2 1.84x 105 1.53x 105 7.97x 104 BDL 3.23x 104 2.32x 103 1.70x 104 
5 2 1.77x 105 2.59x 105 1.04x 105 BDL 6.63x 104 1.55x 104 2.65x 104 
6 2 2.75x 105 2.23x 105 8.97x 104 BDL 4.35x 104 1.01x 104 2.35x 104 
7 2 1.44x 105 2.64x 105 5.88x 104 BDL 4.80x 104 2.86x 103 1.80x 104 
8 2 1.04x 105 2.69x 105 6.67x 104 BDL 2.33x 104 3.15x 103 2.48x 104 
9 3 8.61x 104 2.64x 105 1.97x 105 BDL 1.96x 104 1.19x 103 1.15x 104 
10 3 1.32x 105 1.23x 105 8.17x 104 BDL 2.75x 104 3.17x 102 7.76x 103 
11 3 8.70x 104 1.70x 105 7.12x 104 BDL 2.40x 104 5.49x 102 7.01x 103 
12 3 7.21x 104 1.79x 105 8.43x 104 BDL 1.31x 104 1.27x 103 7.12x 103 
13 3 8.25x 104 1.86x 105 1.05x 105 BDL 7.03x 103 8.51x 102 7.84x 103 
14 3 9.03x 104 2.16x 105 1.37x 105 BDL 1.80x 104 2.07x 103 7.40x 103 
15 2 1.69x 105 2.24x 105 1.18x 105 BDL 3.11x 104 3.90x 103 2.28x 104 
16 2 1.05x 105 2.59x 105 1.13x 105 BDL 2.16x 104 3.98x 103 1.60x 104 
17 3 1.09x 105 1.88x 105 1.47x 105 BDL 1.27x 104 4.04x 103 1.03x 104 
18 3 1.10x 105 1.87x 105 1.65x 105 BDL 2.82x 104 5.49x 103 9.91x 103 
19 1 5.73x 105 2.69x 105 5.14x 104 1.55x 105 6.83x 103 3.57x 104 1.85x 104 
20 1 5.90x 105 4.06x 105 7.58x 104 1.48x 104 5.07x 103 6.06x 104 1.77x 104 
21 1 5.12x 104 1.84x 105 4.46x 104 8.65x 104 6.69x 103 2.71x 103 6.15x 103 
22 1 1.03x 105 3.16x 105 1.15x 105 1.58x 105 8.27x 103 1.62x 104 1.25x 104 
23 1 3.67x 105 3.75x 105 1.76x 105 1.68x 105 1.17x 104 2.62x 104 1.20x 104 
24 1 1.60x 105 3.89x 105 1.09x 105 1.43x 105 5.15x 103 7.14x 103 8.79x 103 
25 1 1.19x 105 3.16x 105 7.68x 104 1.67x 105 5.42x 103 1.81x 104 1.20x 104 
26 1 1.16x 105 2.41x 105 1.18x 105 9.03x 104 4.96x 103 2.44x 103 5.03x 103 
Table 3 
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Table 4.5 Total abundance (cells mL-1) of autotrophic (A1-A5) and heterotrophic 
(LNAB/HNAB) microbial groups for all stations sampled at the surface (~30m). 
Autotrophic group A3 ranged in abundance from 5.0 x103 – 6.6 x104 cells mL-1 at the 
surface and 2.6 x103 – 6.0 x104 cells mL-1 at depth. Autotrophic group A4 ranged in 
abundance from 3.2 x102 – 6.0 x104 cells mL-1 at the surface and 2.3 x102 – 2.0 x104
cells mL-1 at depth. Autotrophic group A5 ranged in abundance from 5.0 x103 – 2.7 x104
cells mL-1 at the surface and 7.5 x102 – 2.3 x104 cells mL-1 at depth. Heterotrophic group 
LNAB ranged in abundance from 5.1 x104 – 5.9 x105 cells mL-1 at the surface and 3.3 
x104 – 4.6 x105 cells mL-1 at depth. Heterotrophic group HNAB ranged in abundance 
Station Microbial Signature LNAB HNAB A1 A2 A3 A4 A5
1 - 7.22 x 104 1.52 x 105 1.51 x 105 BDL 1.34 x 104 2.48 x 103 9.71 x 102 
2 - 1.91 x 105 1.25 x 105 1.50 x 105 BDL 1.58 x 104 5.02 x 102 1.35 x 103 
3 - 7.76 x 104 1.92 x 105 1.94 x 105 BDL 4.62 x 104 1.66 x 103 4.07 x 103 
4 - 1.10 x 105 1.59 x 105 1.45 x 105 BDL 1.69 x 104 1.32 x 103 9.56 x 102 
5 - 1.33 x 105 1.97 x 105 2.29 x 105 BDL 1.29 x 104 1.80 x 103 7.08 x 103 
6 - 3.57 x 105 1.50 x 105 9.88 x 104 BDL 2.13 x 104 7.09 x 103 1.04 x 103 
7 - 1.45 x 105 2.96 x 105 5.26 x 104 BDL 2.56 x 103 1.73 x 104 8.29 x 103 
8 - 4.06 x 104 2.45 x 105 5.92 x 104 BDL 6.28 x 103 2.04 x 104 8.32 x 103 
9 - 4.22 x 104 3.75 x 105 2.49 x 105 BDL 1.99 x 104 8.00 x 103 3.56 x 103 
10 - 8.49 x 104 3.05 x 105 8.42 x 104 BDL 7.73 x 103 3.05 x 103 7.52 x 102 
11 - 3.57 x 104 2.42 x 105 7.06 x 104 BDL 8.20 x 103 1.87 x 103 4.46 x 103 
12 - 3.27 x 104 2.31 x 105 9.86 x 104 BDL 1.39 x 104 3.18 x 103 2.87 x 103 
13 - 9.58 x 104 2.11 x 105 1.38 x 105 BDL 8.81 x 103 1.73 x 104 1.26 x 103 
14 - 6.37 x 104 1.24 x 105 1.04 x 105 BDL 1.54 x 104 2.31 x 102 4.84 x 103 
15 - 1.55 x 105 2.14 x 105 8.14 x 104 BDL 1.29 x 104 2.06 x 103 2.25 x 104 
16 - 6.64 x 104 2.12 x 105 1.20 x 105 BDL 1.26 x 104 9.06 x 102 9.35 x 103 
17 - 1.06 x 105 1.83 x 105 1.55 x 105 BDL 9.53 x 103 4.51 x 103 1.59 x 104 
18 - 4.58 x 105 6.63 x 105 2.17 x 105 BDL 5.98 x 104 9.01 x 103 1.58 x 104 
19 - 1.99 x 105 1.70 x 105 1.12 x 105 BDL 7.15 x 103 2.59 x 103 1.34 x 104 
20 - 9.16 x 104 2.01 x 105 1.19 x 105 BDL 1.05 x 104 1.46 x 103 1.14 x 104 
21 - 3.58 x 104 1.43 x 105 1.17 x 105 BDL 1.05 x 104 1.72 x 103 7.83 x 103 
22 - 3.30 x 104 2.34 x 105 1.08 x 105 BDL 1.00 x 104 2.11 x 103 1.94 x 104 
23 - 1.28 x 105 2.33 x 105 7.82 x 104 BDL 1.23 x 104 5.71 x 103 1.92 x 104 
24 - 1.14 x 105 3.04 x 105 2.52 x 105 BDL 1.30 x 104 7.64 x 103 1.48 x 104 
25 - 8.14 x 104 3.16 x 105 2.11 x 105 BDL 1.35 x 104 1.01 x 104 5.81 x 103 
26 - ND ND ND ND ND ND ND 
77 
from 1.2 x105 – 4.0 x105 cells mL-1 at the surface and 1.2 x105 – 6.6 x105 cells mL-1 at 
depth. 
4.4.3 Distribution of Microbial Community Structure 
Community structure is herein defined as the proportion of each microbial 
plankton group A1-A5, HNAB and LNAB compared to the total community at each 
station. Significant spatial variability (SIMPROF, p<0.01) of community structure was 
detected across transects in surface waters (Figure 4.5A). Three microbial signatures (i.e. 
three unique community structure profiles, in each of which relative abundance patterns 
were statistically homogeneous) were identified (Figure 4.5A) and their locations related 
to mesoscale circulation patterns are plotted in Figure 4.5B. A representative cytogram 
and relative proportion of each microbial group associated with the three microbial 
signature types are plotted in Figure 4.3B, D, and F. No significant spatial variability 
(SIMPROF, p>0.01) in microbial plankton community structure was detected across 
transects at depth. 
Stations 19-26 along the 28°N transect 2 had a statistically similar microbial 
plankton community structure (SIMPROF, p<0.01) designated as microbial signature 1 
(Figure 4.3A, 4.5A). These stations were characterized by the presence of autotrophic 
group A2, which was not observed beyond this region (Figure 4.5A). Concentrations of 
autotrophic group A3 (average 6.8 x103 ± 2.3 x103 cells mL-1) were more than four times 
less concentrated when compared to stations with microbial signatures 2 and 3 (Table 
4.5). Station 20, within this region, had the highest abundance (4.0 x105 cells mL-1) of 
HNAB of all stations evaluated (Table 4.5). Stations 19 and 20 had the highest 
concentration of heterotrophic organisms (average 1.0 x106 ± 1.2 x105 cells mL-1) 
observed in the study, greater than two times the average abundance observed at other 
stations.  
Stations 1-8 along 27°N and 15-16 along 28°N had a statistically similar 
microbial plankton community structure (SIMPROF, p<0.01) designated as microbial 
signature 2 (Figure 4.3B, 4.5A). These stations were characterized by two times higher 
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Figure 4.5 Variability in microbial community signature. (A) Dendrogram of group 
average cluster analysis based on community structure. Black lines indicate internal 
multivariate structure in the data at 97% similarity threshold (p ≤ 0.01). Red dashed lines 
indicate a non-significant test result; samples below this point are homogeneous in 
community structure. Three significantly different microbial signatures (unique 
community structure based on relative abundance) were identified and are visualized by 
symbols with unique colors and shapes that are maintained throughout remaining 
figures. Microbial signature one is represented by green squares, red circles represent 
microbial signature two and blue diamonds represents microbial signature three. (B) 
Map of sea surface height anomaly (cm) within the sampling region; contours of similar 
SSH delineated by black dashed lines. Symbols represent the 3 significant signatures 
identified by CLUSTER and SIMPROF analyses. Cyclonic features are represented by 
cooler colors indicating negative SSH while the anti-cyclonic loop current is represented 
by warmer colors indicating positive SSH. 
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concentrations of autotrophic groups A3, A4 and A5 (average 2.1 x 104 ± 1.6 x104 cells 
mL-1) when compared to stations with microbial signature 3 (Table 4.5). Similarly, these 
stations had 1.2 times higher concentrations of HNAB (average 2.3 x105 ± 4.1 x104 cells 
mL-1) when compared to stations with microbial signature 3 (Table 4.5). Stations 9-13 
along 27°N and 14, 17-18 along 28°N had a statistically similar microbial plankton 
community structure (SIMPROF, p<0.01) designated as microbial signature 3 (Figure 
4.3C, 4.5A) and characterized by the lowest concentrations of autotrophic group A4 
(average 1.9 x103 ± 1.8 x103 cells mL-1), six times lower than other microbial signatures 
(Table 4.5). Additionally, there was considerably lower abundance of groups A3, A5 and 
HNAB compared to stations with microbial signature 2 (Table 4.5). 
4.4.4 Statistical Correlation of Abiotic and Microbial Data 
Salinity was the most influential parameter in DISTLM explaining 54.7% of the 
variability in microbial plankton community structure (Figure 4.6A), and also the 
primary driver of the separation of microbial signature 1 from 2 and 3. Because stations 
with microbial signature 1 are located in a region of pronounced lower salinity, these 
stations were removed and DISTLM re-run in order to identify other abiotic parameters 
separating microbial signatures 2 and 3. A combination of SSH and SST was identified 
as the overall BEST solution in DISTLM explaining 56.0% of the variability in 
microbial plankton community structure at stations with signatures 2 and 3 (Figure 
4.6B). Remaining abiotic variables tested individually explained <0.5% of the variation 
in microbial plankton community structure for both models. 
4.5 Discussion 
Connectivity between variability in physicochemical conditions of the study 
region and statistically unique microbial signatures (based on total and relative microbial 
group abundance measured using flow cytometry) was observed once multivariate 
statistical analyses were applied. While we do not know the specific constituents of these 
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Figure 4.6 nMDS of variability in community structure between stations. The base 
variables identified by DISTLM are correlated to the ordination using Spearman 
statistics where line length within the frame of reference circle represents the relative 
strength of the correlation and direction corresponds to a positive relationship. (A) 
Separation of microbial signature 1 from 2 and 3. Dashed lines indicate 90% similarity 
of community structure. Forward R2, AICc, and BIC values for salinity were 0.0001, 
80.43, and 82.24 respectively. (B) Separation of microbial signature 2 from 3. Dashed 
lines indicate 97% similarity of community structure. Forward R2 values for SST and 
SSH parameters were 0.0002 and 0.1331 respectively. The AICc, and BIC values for the 
combination of SST and SSH were 18.15, and 19.11 respectively. 
Figure 4.6!Non-parametric multi-dimensional scaling ordinations of variability in 
community structu e between stations. The base variables identifi d by distance based 
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microbial communities (genomic analyses were not possible), based on previous flow 
cytometric and NGOM studies (60,61), the dominant microbial plankton present were 
likely Prochlorococcus, Synechococcus groups lacking or containing different 
concentrations of phycourobilins, pico-eukaryotic algae and two groups of heterotrophs 
(high and low nucleic acid). Importantly, the unique microbial signatures observed were 
associated with apparently different water masses in the study site, each experiencing a 
unique set of coastal and/or mesoscale influences in the NGOM. 
4.5.1 Microbial Plankton in a Region of Freshwater Entrainment 
NGOM coastal ocean waters are subjected to large freshwater discharges from 
the Mississippi River and Atchafalaya River that can extend to our study region, beyond 
the continental shelf and into the loop current (123,131–133). It has previously been 
observed that low-salinity coastal water entrainments affect phytoplankton community 
structure in the NGOM (124,134,135). Additionally, the relative abundance of different 
nucleic acid containing heterotrophic microbial plankton was different between the 
Mississippi River plume and stations in the oligotrophic southeast GOM (60). In this 
study, stations with microbial signature 1 are geographically adjacent to one another and 
are primarily located outside of the influence of mesoscale circulation. 
Physicochemically, stations with this signature are characterized by having the lowest 
observed salinity of those sampled. Although there was a lack of significant statistical 
variability in microbial abundance or community structure at 30 m depth, DISTLM also 
predicted that salinity was the major driver of microbial variability below the surface 
(data not shown), further supporting entrainment of low-salinity coastal waters in the 
study region. Importantly, the lower salinity observed was still >32 indicating that this 
region remained within an oceanic water mass throughout the time of this study. Stations 
with microbial signature 1 also had the highest concentrations of inorganic nutrients, 
which is not surprising for coastal water entrainment. The major shift in community 
structure observed was the presence of autotrophic group A2 exclusively at these 
stations (Figure 4.3A, B). This could be a result of specific halo-tolerance or nutrient 
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requirement that is met by the conditions present in the low salinity, high nutrient 
waters. Alternatively, competitive or predatory interactions could also be affecting 
abundance (54) and structure of microbial plankton. Importantly, the presence of this 
group indicates that entrainments can potentially supply resident coastal microbes to 
open ocean environments. 
4.5.2 Potential Relationships between Mesoscale Circulation and Microbial Plankton 
A significant relationship between microbial plankton community structure and a 
combination of SSH and SST was also detected (Figure 4.6B). These characteristics are 
frequently utilized to identify regions of mesoscale circulation (136–138). SSH on its 
own, should not have a major affect on the microbial plankton community, as it is purely 
a physical measure of surface water. However, it has been documented that several 
physicochemical changes associated with SSH could impact microbial communities. For 
example, water temperature shifts associated with mesoscale circulation are extremely 
important to microbial organisms because physiologically, temperature can alter the 
kinetics of microbial metabolism and therefore the ability to compete and survive (54). 
Models predict that in the open ocean temperature can limit productivity of heterotrophic 
microorganisms while nutrients are typically more limiting to autotrophic 
microorganisms (139). The observed relationship between microbial plankton 
community structure and SST in this study indicates that thermal related limitations 
might exist for this size fraction of plankton. However, it is also possible that a different, 
unmeasured parameter is collinear with SSH and/or SST and is responsible for the 
observed relationship. 
4.5.3 Nutrient Availability Structuring Microbial Communities 
Classically, it has been predicted that limiting nutrients will be made available to 
the euphotic zone by doming pycnoclines in cyclonic circulation supporting higher 
abundance and productivity of autotrophic and heterotrophic plankton (31,140,141). At 
two stations, 13 and 16, corresponding mesocosm experiments were conducted and 
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results verified that significant shifts in microbial plankton community structure 
occurred within 24 hours of enrichment with nitrate supporting that nitrogen limitation 
of microbial plankton potentially exists in this region (data not shown, p≤0.01 at both 
stations, Monte Carlo PERMANOVA, partial type III pairwise test). However, in this 
study, DISTLM did not identify any of several growth limiting inorganic nutrients tested 
as having a significant relationship with microbial plankton community structure. There 
are several potential explanations. First, it is possible that mesoscale circulation did not 
facilitate significant nutrient enrichment. This is supported by a lack of significant 
collinearity between nutrients and SSH or SST. Previous research has observed that 
cyclonic eddies formed along the Leeuwin Current can be capped by warm Indian Ocean 
waters limiting upwelling from reaching the shallow euphotic zone (142). A similar 
circumstance may potentially be occurring in the NGOM as less dense coastal waters 
could cap upwelling in cyclonic features. Additionally, the intensity of pycnocline 
doming in mesoscale circulation features varies throughout their life cycle (31) and has 
been observed to shift regularly in GOM eddies (143).  
Second, it is important to note, that several abiotic and biotic factors can 
influence microbial community abundance, structure and function (54) most notably 
grazing which was not examined in the current study. Therefore, the specific factors 
identified herein are likely not the only influences contributing to overall microbial 
abundance. It is possible that the size fraction of plankton targeted in this study are not 
being directly influenced by nutrient availability but are indirectly influenced by it. For 
example, if larger phytoplankton in this region are limited by nitrogen, which becomes 
available in the euphotic zone where mesoscale circulation is occurring, they might 
increase in abundance and compete with microbial plankton (54,144).  
Third, it is possible that the variability in nutrient concentrations was too small to 
be considered significant by the DISTLM method when related to physiologically based 
groupings of microbial plankton, which is a potential limitation of flow cytometry 
derived community structure. To address these possibilities and increase the resolution 
of specific mesoscale impacts, nMDS ordinations of stations within each microbial  
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Figure 4.7 Nutrient availability correlated to microbial abundance NGOM. nMDS 
ordinations of variability in community structure between stations within each of the 
three significantly different microbial signatures. Spearman correlations between total 
autotrophic and heterotorphic pico- and nano-plankton abundance (A, C, E) and between 
measured nutrient concentrations (B, D, F) for those stations are plotted as vectors where 
line length within the frame of reference circle represents the relative strength of the 
correlation and direction corresponds to a positive relationship. (A, B) Variability of 
community structure and abundance at stations with microbial signature 1. (C, D) 
Variability of community structure and abundance at stations with microbial signature 2. 
(E, F) Variability of community structure and abundanceat stations with microbial 
signature 3. 
Figure 4.7 Non-parametric multi-dimensional scaling ordinations of variability in 
community structure between stations within each of the three significantly different
microbial signatures. Spearman correlations between total autotrophic and heterotr phic
pico- and nano-plankton abundance (A, C, E) and between measured nutrient
concentrations (B, D, F) for those stations are both plotted as vectors where line length 
within the circle represents the relative strength of the correlation and direction 
corresponds to positive change. (A, B) Variability of community structure at stations
within microbial signature 1. (C, D) Variability of community structure at stations within 
microbial signature 2. (E, F) Variability of community structure at stations within 
microbial signature 3.!
2D Stress: 0 2D Stress: 0 
Heterotrophs 
Autotrophs 
Autotrophs 
Heterotrophs 
Autotrophs 
Heterotrophs 
SiO2 
Urea 
NH4+ NO3- 
NO2- Pi 
SiO2 
Urea 
NH4+ 
NO3- 
NO2- 
Pi 
SiO2 Urea 
NH4+ 
NO3- 
NO2- 
Pi 
26 
21 
20 
24 
22 
25 
23 
19 
26 
21 
20 
24 
22 
25 
23 
19 
5 
6 
3 
4 
7 
8 
16 
1 
15 
2 
5 
6 
3 
4 
7 
8 
16 
1 
15 
2 
10 11 
13 
12 
14 
9 
18 
17 
10 11 
13 
12 
14 
9 
18 
17 
2D Stress: 0.07 2D Stress: 0.07 
2D Stress: 0.04 2D Stress: 0.04 
A B 
C D 
E F 
Microbial Signature 1 
Microbial Signature 2 
Microbial Signature 3 
85 
signature group were correlated to nutrient availability and total microbial autotrophic 
and heterotrophic abundance rather than community structure using Spearman statistics 
(Figure 4.7). Important trends were observed based on Spearman vectors, suggesting that 
the strict DISTLM/community structure analysis of overall nutrient: microbial 
relationships may be limited in capturing all relevant connections and highlights the 
importance of considering several statistical approaches to validate findings when 
conducting flow-cytometric analyses. 
4.5.4 Nutrient Availability Influencing Microbial Abundance 
Potential relationships between microbial abundance and nutrient availability, 
specifically DIN, were detected across microbial signatures (Figure 4.7). Stations 21, 4 
and 7, and 10-13 had the lowest microbial plankton abundance among stations within 
their respective microbial signatures (Figure 4.7A, C, E). Lower concentrations of DIN 
and sometimes Pi were measured at these stations (Figure 4.7B, D, F). Within groups of 
stations with the same microbial signature, stations with limited DIN and Pi were 
typically located either in regions outside of mesoscale circulation or in regions of 
positive SSH likely associated with anti-cyclonic features (Figure 4.5B). These findings 
support previous analyses suggesting that in oligotrophic waters off of the 
Louisiana/Texas shelf N and/or Pi are the principle limiting nutrients to primary 
producers (123,135,145). Interestingly, the proportion of LNAB:HNAB was the highest 
at stations 10-13 (microbial signature 3) within the study region. This potentially 
indicates that the heterotrophic bacterial community within the anti-cyclonic Loop 
Current is not only low in abundance but also less active (59). This could be an 
adaptation of the community to reduced availability of nutrients or limited organic 
carbon produced by larger autotrophs in this low-nitrogen region.  
A negative relationship was observed between Si and DIN (Figure 4.7B, D, F). 
This observation implies that Si could be a limiting factor at stations where N and Pi are 
available consistent with reports of Si limitation of autotrophs in this region (146). The 
lower concentration of Si corresponding to increased concentrations of DIN supports the 
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premise that silicate-consuming organisms may be present at these stations. Previous 
research has shown that mesoscale circulation can induce blooms of diatoms (144,147) 
and a succession from microbial plankton to larger diatoms in central, high nutrient 
regions of cyclonic circulation is predicted (147). However, in the NGOM, the 
abundance of microbial plankton increased in regions of N availability and Si limitation 
indicating that they are not competing with larger organisms for limiting resources. One 
potential explanation is the recent finding that Synechococcus spp. contains high levels 
of silica under certain conditions (27). Although the reasons and mechanisms for uptake 
are not yet described, it is possible that the observed decreased Si concentration is the 
result of picocyanobacterial uptake of Si when nitrogen is available. Increased microbial 
plankton abundance associated with decreased Si but increased NO3- supports the theory 
proposed by (28) that unless Si* is optimal for diatom growth, microbial plankton will 
dominate the response to mesoscale circulation rather than diatoms. Alternatively, it is 
possible that there was a less severe succession in the circulation features in the NGOM 
driven by different responses of resident populations. Overall, these observations suggest 
that shifts in nutrient limitation across mesoscale features have important implications 
for plankton community ecology. 
4.5.5 Microbial Abundance in Mesoscale Frontal Convergence Zones 
Frontal convergence zones have previously been identified as ‘hot spots’ for 
increased microbial abundance and productivity associated with the shallowing of 
nutriclines (140,147). In this study, several examples of increased abundance were 
observed at stations where increased upwelling in frontal zones is predicted. Each of 
these examples was correlated to higher concentrations of NO3-, NO2- and NH4+, 
indicating that microbial plankton are dominantly nitrogen limited. An example is 
station 9, located along the western frontal zone of the anti-cyclonic Loop Current, 
which has highest abundance of microbial plankton among stations with microbial 
signature 3 (Figure 4.7E). Previous studies have shown that upwelling occurs at the 
margin of anti-cyclonic features (115,136) and in anti-cyclonic eddies in the GOM 
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(143). Because concentrations of NO3-, NH4+ and NO2- were higher at this station 
(Figure 4.7F), it is possible that upwelling caused a shift in nutrient concentrations that 
consequently increased microbial plankton abundance at this location. In addition, 
stations 14, 17, and 18 were located in a northern cyclonic mescoscale feature where 
typical cyclonic upwelling is supporting the higher concentrations of inorganic nitrogen 
observed and the corresponding higher microbial plankton abundance (Figure 4.7F). 
4.5.6 Combined Physicochemical Influences on Microbial Plankton 
A unique set of conditions was observed in the northern cyclonic feature (Figure 
4.5B) because parts of the frontal convergence zone of this feature were also located 
within a low salinity region (Table 4.1). It has been proposed that lower salinity coastal 
water entrained into mescoscale circulation could supply different plankton species to 
these features (125). Two stations, 19 and 20, were located in the region where both 
mesoscale features and coastal influences were observed. These stations have the second 
and third highest total microbial plankton cellular abundance observed across the study 
region. Resident coastal microbial plankton entrained into mesoscale upwelling zones 
potentially respond more quickly to mesoscale nutrient pulses than organisms acclimated 
to oligotrophic conditions, resulting in the observed higher abundance. At these stations 
heterotrophs represented ~10% more of the total population observed elsewhere. 
Additionally, these stations have the highest concentrations of HNAB, which are 
generally associated with higher metabolic activity (54,59). Importantly, competition for 
dissolved organic matter can occur between autotrophic and heterotrophic prokaryotes in 
the microbial plankton size fractions (54). The observed heterotrophic increase 
potentially indicates that this region of combined nutrient enrichment from mesoscale 
circulation and coastal influences could shift microbial processes to net heterotrophy.  
4.5.7 Potential Implications of Significant Spatial Variability in Microbial Plankton 
The ecological implications of mesoscale driven shifts in microbial plankton 
abundance are particularly relevant to higher tropic consumers. Successful recruitment 
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of fish larvae to adult populations is imperative in maintaining sustainable fisheries 
(148,149). Several studies have proposed the match/mismatch hypothesis linking 
availability of plankton prey sources to eventual successful recruitment (148). Frontal 
convergence zones along the northern margin of the anti-cyclonic Loop Current in the 
GOM represent important early life habitat of several pelagic fish species including 
billfishes, tunas and swordfish (150–152) indicating that this region is an important 
spawning or nursery area (131). The increased abundance of microbial plankton 
observed in this study at stations proximal to the frontal zone of the Loop Current 
suggest that mesoscale induced increases in microbial plankton potentially contribute to 
bottom-up processes along the margin of this feature. Additionally, spatial dynamics of 
the Loop Current vary temporally resulting in changes in larval distributions (152) which 
could be linked to availability of prey. Therefore, generating a baseline understanding of 
microbial plankton responses to circulation is necessary to better understand trophic 
relationships and other potential impacts of changing microbial abundance in the 
Northern Gulf of Mexico. 
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CHAPTER V  
CONCLUSIONS AND FUTURE DIRECTIONS 
5.1 Chapter Synopses 
5.1.1 Connections between Heterotrophic Microbes and Inorganic Nutrient Availability 
Beyond the traditional concept of total community nutrient limitation, this study 
targeted the shift in physiological community structure of estuarine heterotrophs based 
on nucleic acid content characteristics. This trait-based approach connects variability in 
environmental conditions to potentially ecologically relevant differences in heterotrophic 
physiology. Heterotrophic microbes in the Trinity River Basin of Galveston Bay appear 
to undergo episodic nitrogen limitation. The most severe occurrence of nitrogen 
limitation was in August based on depleted in situ DIN concentrations. This occurred 
when temperature and dissolved organic carbon concentration were at the maximum 
values observed throughout this study, corresponding to previous research that has 
suggested that temperature and organic carbon availability predominantly control 
estuarine heterotrophic growth rates (15,55). Therefore, it is likely that heterotrophic 
limitation by inorganic nitrogen only occurs in the Trinity River Basin when high 
temperature stimulates increased cellular metabolic activity and carbon is saturated 
beyond heterotrophic requirements. The data herein suggest that a combination of these 
factors may ultimately co-limit heterotrophs.  
In situ variability in heterotrophic groups during a month with strong nitrogen 
limitation (August) compared to a month with strong nitrogen saturation (November) 
suggest that heterotrophic microbes with lower nucleic acid content are able to out-
compete heterotrophs with relatively higher nucleic acid content under high temperature, 
low nitrogen conditions, shifting to the opposite scenario under high nitrogen low 
temperature conditions. Significant responses to nutrient enrichment of relatively higher 
nucleic acid content groups suggest that these organisms are ultimately better 
competitors under nutrient replete conditions. Therefore it is likely that heterotrophic 
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groups with different physiological characteristics have different strategies to utilize 
potentially limiting nutrients in the Trinity River Basin. 
5.1.2 Estuarine Heterotrophic and Autotrophic Nutrient Limitation 
Microbial plankton can be categorized based on differences in traits related to 
energy acquisition pathways, in this study either autotrophy or heterotrophy. Variability 
in abundance of organisms with these traits can also be used to track potentially 
significant transitions in relation to environmental conditions. Spatiotemporal shifts in 
the relative abundance of autotrophic and heterotrophic microbial groups were 
significantly related to temperature, DIN, Pi and TOC. In general there were opposing 
gradients of DIN and Pi availability between two stations. Heterotrophic abundance and 
contribution to the entire microbial community was increased at a station in the Trinity 
River Basin during warm months, with higher TOC concentrations but decreased DIN, 
suggesting episodic nitrogen limitation at this station similar to results observed in 
Chapter II. It is predicted that a step-wise spatiotemporal co-limitation of microbial 
plankton in Galveston Bay exists such that temperature ultimately limits both 
autotrophic and heterotrophic fractions followed by Pi at station GB2 where nutrient 
pulses stimulated by freshwater inflows are infrequent. If Pi is available, as occurs in the 
Trinity River Basin (station GB1) then DIN becomes the limiting factor.  
Under strictly environmental nutrient stress, autotrophic microbial plankton are 
better competitors for a combination of inorganic nitrogen and phosphorous because the 
overall response to nutrient enrichment was predominantly an increase in heterotrophic 
abundance. This could be an indication that because heterotrophic microbes cannot 
produce their own carbon they have to devote more resources toward obtaining energy 
and less toward nutrient requirements than autotrophic microbial plankton. This is 
consistent with the concept that heterotrophs will ultimately be carbon limited (13). 
However, the autotrophic fraction of microbial plankton contributed to significant 
nutrient enrichment responses in months where total Chlorophyll a concentration is high 
suggesting that when smaller autotrophs are competing with larger phytoplankton they 
91 
can become nutrient limited as well. This situation can potentially drive competition 
between autotrophic and heterotrophic fractions of the microbial plankton for limiting 
nutrients. 
5.1.3 Scale of Nutrient Availability: Could Mesoscale Processes Influence Microbial 
Groups? 
Using relative nucleic acid and photo-pigment characteristics, physiological 
groupings can be resolved within the heterotrophic and autotrophic fractions 
respectively. In the northern Gulf of Mexico (NGOM) two heterotrophic and five 
autotrophic groups were observed across transects that intersected a coastal freshwater 
entrainment, cyclonic circulation and the anti-cyclonic loop current, three major 
oceanographic mesoscale features. A significant shift in the relative contribution of these 
groups to microbial plankton abundance (microbial signature) was related to salinity, 
associated with the coastal freshwater entrainment. Among stations outside the 
freshwater entrainment, a shift in microbial signature was related to SSH and 
temperature indicating that mesoscale circulation features were playing a role in 
structuring marine microbial plankton communities. 
Although significant relationships with inorganic nutrients typically associated 
with nutrient limitation were not observed at the scale of initial analysis, resolving 
variation in total abundance within microbial signatures associated with specific 
mesoscale features indicated potential relationships. Total abundance of heterotrophs 
and autotrophs was correlated to increased availability of dissolved nitrogen and 
phosphorous at stations characterized by all three microbial signatures. These 
relationships indicate that regions within the oceanographic features may have varying 
nutrient availability that corresponds to changes in total abundance. For example, in 
frontal convergence zones within the anti-cyclonic loop current and cyclonic eddy high 
nutrient concentrations corresponded to increased microbial abundance. In a region 
where freshwater entrainment merged with a frontal convergence zone particularly high 
relative abundances of heterotrophs were observed. Specifically, high concentrations of 
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HNAB indicate that this region of combined nutrient enrichment from mesoscale 
circulation and coastal influences, could shift microbial processes to heterotrophy. 
Overall, physically driven nutrient shifts in the NGOM likely influence the microbial 
plankton community structure, which is reflected in changing physiological 
characteristics. 
 
5.1.4 Relevance in the Context of Previous Research 
Marine microbial ecology is a broad and diverse field that over the past fifty 
years has developed into a major research focus, specifically among ocean scientists 
(153). The connection between microbes and marine biogeochemical cycles has 
garnered special interest given that these relationships have global consequences (1,23). 
Some examples of how the work conducted herein contributes to the current 
understanding of marine microbial ecology can be presented in the context of seminal 
findings regarding nutrient/microbial relationships. Limitation of heterotrophic bacterial 
abundance by inorganic nutrients has been observed despite the theoretical consensus 
that availability of carbon resources ultimately limits these communities (7,100,154). In 
freshwater and estuarine systems the subsidy of allochthonous carbon to autochthonous 
resources has been proposed to saturate heterotrophic requirements resulting in 
microbial nutrient limitation (15,102,108). Additionally, in several open-ocean systems 
including in the Northern Atlantic, Pacific and Arctic Oceans, inorganic nitrogen and/or 
phosphorous limitation of heterotrophic growth rates and production has been shown 
(7,14,154) suggesting that this phenomenon may occur globally. This study supports 
these findings, by showing that naturally occurring pulses of nutrients correlate to 
increased heterotrophic abundance across two different marine systems in the Gulf of 
Mexico, where these relationships have not previously been quantified. This study 
further advances that understanding by showing that nutrient limitation of heterotrophs 
occurs beyond total abundance or growth rate and is actually acting differently on certain 
fractions of the community. Molecular analyses have confirmed shifts in microbial 
community structure associated with nutrient enrichment (155,156), and changes in size 
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have been observed (94), altered nucleic acid content has not been specifically targeted. 
This study provides empirical support to previously suggested hypotheses that fractions 
of heterotrophic marine microbes may have different ecological strategies toward 
nutrient utilization that are reflected in their genome length (nucleic acid content) 
(66,91). Because heterotrophic groups are limited by inorganic nutrients, competition 
between bacteria and other organisms is expected but not fully resolved (14,100,157). 
The results herein support that competition for limiting nutrients in estuaries occurs 
between the heterotrophic and autotrophic fractions of the microbial community and the 
consequences of these interactions should be investigated further and across many 
systems. Finally, this study promotes that trait-based ecological approaches are 
appropriate and informative when examining microbial communities and should 
continue to be utilized to validate and formulate microbial ecological theories (45). 
 
5.2 Broader Impact 
Marine microbial plankton are known to contribute to several important 
ecosystem functions. Two specific cases will be highlighted to represent potential 
broader impacts of this research. Estuaries are considered some of the most 
economically and ecologically important systems in the world (158,159). Nutrient flux 
and processing in marine estuaries is a component within these dynamic systems that 
remains an important topic of interest because anthropogenic eutrophication of estuaries 
has altered the health of these systems and is predicted to continue to change with 
increasing human impacts (158,160,161). Pelagic microbes have been linked with 
estuarine biogeochemical cycling (162,163). In Galveston Bay, Texas however, very 
little research has been done examining potential relationships between nutrients and 
microbial plankton. Resolving connections between inorganic nutrients and microbial 
communities in estuaries could be invaluable toward generating a predictive framework 
in order to remove microbes from the “black-box” often utilized in estuarine modeling 
(55), which will better enable policymakers to create productive management strategies, 
especially given continued expectations for anthropogenic change. These contributions 
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will help to maintain a healthy and safe environment for millions of humans consuming 
resources from and inhabiting areas within Galveston Bay. 
Another important impact of nutrient availability for microbial plankton is when 
considering energy transfer to higher trophic orders. Preferential consumption of 
autotrophic or heterotrophic plankton as prey has been observed within the microbial 
size fraction (164). Therefore nutrient stimulated variability in microbial groups could 
have impacts on the food web in both estuarine and oligotrophic environments 
(34,104,148). For example, the frontal convergence zones along the northern margin of 
the anti-cyclonic Loop Current represent important early life habitat of several pelagic 
fish species (150,151). Results correlating shifts in microbial abundance with increased 
nutrient availability associated with frontal convergence features suggest that it is 
possible that microbial subsidies of energy could contribute to prey items there. 
Ultimately this could influence the successful recruitment of fish larvae to adult 
populations, which is imperative in maintaining sustainable fisheries (148). 
 
5.3 Future Considerations 
Evidence supports strong connections between inorganic nutrients and shifts in 
physiological characteristics of microbial communities emphasizing the possibility that 
the type of approach taken herein could be used to pursue several interesting research 
directives. Utilizing the trait-based categorization of microbes has great potential to 
resolve ecologically relevant variability in order to better apply accepted ecological 
theories or develop new ones for marine microbes. Importantly, flow cytometry can 
quantify multiple expressed traits simultaneously, which greatly improves the capacity to 
detect potential for trait interactions, including trade-offs that could have ecological 
significance. In particular, combining flow-cytometric sorting of physiological groups 
with taxonomic probing, stable isotope incorporation, and hybridization with functional 
probes could begin to bridge the widely recognized gap between microbial form and 
function (49,165,166). One important question that remains unresolved by this study is 
whether the observed shifts in physiological community structure are related to the rapid 
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evolution of individual characteristics within the same taxonomic community or if 
succession occurs where genetically distinct groups with different physiological 
characteristics are favored by changing conditions and out-compete initial groups. Future 
experimentation examining shifts in average group characteristics (56) or combining 
molecular and flow-cytometric methodologies (166) could begin to evaluate these types 
of questions. 
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